Investigating the variability of PCB toxicokinetics in the freshwater mussel biomonitor, Elliptio complanata by Raeside, Ashley A.
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
2007 
Investigating the variability of PCB toxicokinetics in the 
freshwater mussel biomonitor, Elliptio complanata 
Ashley A. Raeside 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Raeside, Ashley A., "Investigating the variability of PCB toxicokinetics in the freshwater mussel 
biomonitor, Elliptio complanata" (2007). Electronic Theses and Dissertations. 4664. 
https://scholar.uwindsor.ca/etd/4664 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
INVESTIGATING THE VARIABILITY OF PCB TOXICOKINETICS 




Submitted to the Faculty of Graduate Studies 
through Environmental Science 
in Partial Fulfillment of the Requirements for 
the Degree of Master of Science at the 
University of Windsor
Windsor, Ontario, Canada 
2007
© 2007 Ashley Raeside







395 Wellington Street 
Ottawa ON K1A 0N4 
Canada
Your file Votre reference 
ISBN: 978-0-494-34941-0 




395, rue Wellington 
Ottawa ON K1A 0N4 
Canada
NOTICE:
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.
AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.
The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.
L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.
In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.
While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.
Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.
Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.
i * i
Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
This thesis quantified elimination rate coefficient (ktot) variability for 
polychlorinated biphenyls (PCBs) in a common mussel biomonitor (Elliptio complanata). 
ktot is used to estimate steady state contaminant concentrations in mussel tissue (Cm(SSj), a 
surrogate for what is bioavailable in the water to other organisms. Chapter 2 showed that 
temperature had a weak influence on ktot, but generally increased it between 14, 20, and 
25°C in the laboratory. The suitability of environmentally rare performance reference 
compound (PRC) PCBs as representative of elimination by the more prevalent Aroclors 
was also verified. Chapter 3 revealed the necessity of using PRC PCBS to quantify in situ 
ktot values for mussel biomonitors, demonstrated errors associated with using laboratory- 
derived ktot values to calculate Cm(SS), and revealed spatial patterns of PCB contamination 
in the Huron-Erie Corridor. Characteristics of food quantity and quality are thought to 
explain more in situ ktot variability, and lab-w situ differences.
iii
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CHAPTER 1 -  GENERAL INTRODUCTION
1.1 -  General Introduction
Thousands of organic chemicals are developed for use in industry and agriculture 
each year (Vitousek et al. 1997), and many others arise as inadvertent by-products of 
anthropogenic processes (Baek et al. 1991). Persistent organic pollutants (POPs) have 
contaminated nearly every compartment of the biosphere (Tanabe 1988), and their 
bioaccumulative and toxic potential cause many problems in aquatic environments (Safe 
1984; Safe 1994; Metcalfe and Haffner 1995; Rasmussen and Rowan 1990). In the North 
American Great Lakes, a number of fish consumption advisories for humans are 
attributed to high levels of polychlorinated biphenyls (PCBs) accumulated in sport fish at 
the top of food webs (OMOE 2005). PCBs exhibit both high bioconcentration and high 
food web biomagnification potentials (Russell et al. 1999). The bioavailable 
concentration of PCBs in the water column is an important parameter to establish 
bioaccumulation potential via bioconcentration exposure routes and to determine 
chemical exposures that occur at the base of the food web. It is also a key input parameter 
necessary to run food web and individual based bioaccumulation models used for risk 
assessment purposes (Morrison et al. 1999).
Despite the importance of data on PCB concentrations in water for establishing 
wildlife and human risk assessments, there is continued debate regarding appropriate 
methods tb establish these values. The high degree of hydrophobicity and low water 
solubility of PCBs results in low water concentrations (low to sub- picogram per litre 
values) that are difficult to measure using current high-resolution gas chromatography
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
methods. In order to detect ultra-trace PCB residues in water, large volumes of water (60 
to 200 L; Froese et al. 1997) must be filtered and extracted, or centrifuged, which results 
in sample handling, processing difficulties, and high susceptibility to contamination. In 
addition, Establishing the bioavailable fraction of PCBs in water requires quantifying the 
freely dissolved PCB fraction that can be taken up by aquatic animals by diffusion across 
the gill membrane. Current analytical methods that require water filtration (0.5 to 1 pm 
glass fibre filters) prior to extraction do not remove PCBs associated with colloids or 
dissolved organic phases (e.g. humic and fulvic acids) that may pass through filters. 
Aquatic ofganisms are thought to be unable to accumulate PCBs of this type (Haitzer et 
al. 1998), and thus direct water measurements can overestimate the biologically relevant, 
freely dissolved concentration (Gustafson and Dickhut 1997). In addition, large volume 
water measurements can take up to several hours per sample, and the necessary 
equipment is very expensive limiting most monitoring programs to take only one sample 
at a time. iThis makes it nearly impossible to collect true replicates of a sample, or 
concurrent measurements at different geographic locations.
Ah alternative method for establishing bioavailable PCB concentrations is to 
measure bioaccumulation of PCBs in animals at the base of the food web. One 
increasingly common surrogate measure of PCBs in the water column is performed using 
caged mugsel biomonitors deployed to sites of interest (Kauss and Hamdy 1991; Comba 
et al. 1996; Gewurtz et al. 2003; Richman and Somers 2005). In this approach, mussels 
are collected from a clean reference location, and transplanted in cages over a specified 
duration Of time. If toxicokinetic information for the mussel species has been previously 
calibrated in the laboratory, then the contaminant concentrations accumulated in animal
2
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tissues during deployment can be extrapolated to the steady state concentration (Cm(ssj). If 
Cm(ss) is lipid-normalized, it can then be used with the n-octanol-water partition 
coefficient (Kow) for a time-integrated estimate of freely dissolved water concentration 
(Cw) of PCB congeners (Gewurtz et al. 2003):
Cw ~~ Cm(ss) / Kow (1)
The most important toxicokinetic parameter for estimating steady state is the 
elimination rate coefficient (ktot) for a PCB congener (Morrison et al. 1995). However, it 
has not been established whether laboratory k(ot values are representative of variability 
exhibited by mussels for this parameter in situ. The present thesis is concerned with 
determining the sources and degree of variability of PCB ktot values in the common 
freshwater mussel biomonitor, Elliptio complanata under laboratory and field conditions.
In Chapter 2, the influence of temperature on the ktot values for PCBs in E. 
complanata was investigated. A laboratory study was conducted where mussels were 
predosed yvith PCBs, and allowed to depurate at three temperatures (14, 20, and 25°C). 
These teihperature treatments were replicated for two dosing groups: mussels dosed with 
environmentally common Aroclor PCB congeners, and mussels dosed with PCB 
congeners that were never included in industrial mixtures, and are consequently absent 
from the natural environment (Frame et al. 1996). The second group is referred to as 
performance reference compound (PRC) PCBs, and they were included because of 
interest for their use to calibrate mussel biomonitors in situ as described in Chapter 3.
In Chapter 3, the extent of natural variability for in situ km values was 
investigated for E. complanata predosed with PRC PCBs in the laboratory, and deployed 
at 18 sites along the Lake Huron-Lake Erie Corridor. These ktot values were used to
3
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generate ktot versus log Kow relationships for estimating site-specific ktot values of 
accumulating Aroclor PCB congeners. The resultant Aroclor ktot values were used to 
estimate steady state concentrations (Cm(SS)) bioaccumulated during deployment.
Estimates of Cm(ss) were also conducted using laboratory klot versus log Kow relationships, 
and the two data sets were compared to identify estimation errors associated with 
applying laboratory toxicokinetics to field-deployed mussels.
1.2 -  Polychlorinated Biphenyls (PCBs)
PCBs are a group of 209 numbered congeners consisting of two phenyl rings that 
have up to 10 possible attachment points for chlorine atoms. The number and position of 
chlorination sites determine the chemical properties and behaviour of a congener. All 
PCB congeners are considered hydrophobic with log Kow values ranging from 4.09 to 
8.18 (Hawker and Connell 1988), and thus partition favourably into organic media (i.e. 
lipids, sediments, etc.). Their origin is entirely anthropogenic, and Monsanto Company 
was the original manufacturer of PCBs in North America from 1929 until 1976 under the 
trade name Aroclor (Swackhamer 1996). Eight popular Aroclor mixtures had varying 
percentages of chlorine by weight, and were used in a broad array of industrial and 
electrical applications because of their high dielectric constants, low vapour pressure, low 
degradability, and low reactivity (Swackhamer 1996). Open uses of PCBs were banned 
by the US, Canada, Europe, and Japan in the late 1970s for their demonstrated toxicity, 
but the same properties that made them so useful in industry lends to their current 
persistence and lack of degradation in the natural environment (Tanabe 1988; Yallack et 
al. 1998). Continued sources of PCBs to aquatic biota include the resuspension of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
previously contaminated sediments, and leaching from sites where old PCB-containing 
equipment and products are disposed (Swackhamer 1996; BEST 2001). The ability of 
PCBs to be transported long distances (Macdonald et al. 2000) means that they have now 
been documented in nearly every compartment of the environment (Tanabe 1988).
An aquatic organism can accumulate PCBs when water is passed over their gills, 
and also from items it ingests (Gobas 1993; Campfens and Mackay 1997). Organisms at 
higher levels in the food web, such as sport fish, tend to accumulate much higher 
concentrations of PCBs than more basal species through their food because of 
biomagnification (Connolly and Pedersen 1988; Oliver and Niimi 1988; Russell et al. 
1999). Consuming PCB-contaminated food is the predominant exposure pathway for 
humans, and some studies have shown that there is a significant correlation between fish 
consumption and organochlorine concentrations in humans (Fitzgerald et al. 1996;
Schantz et al. 1996). As such, food web bioaccumulation models are being developed and 
calibrated to assess risks associated with eating a particular fish species (Morrison et al. 
1999). These models aid regulators in setting appropriate consumption advisories for the 
human population. There are many input parameters related to the environment (i.e. water 
and sediment) and biota (prey species) required to calibrate food web bioaccumulation 
models (Morrison et al. 1999). This thesis investigates our ability to measure the 
bioavailable concentration of PCBs in the water column using freshwater mussel 
biomonitors as surrogates.
PCB exposure has been implicated in a wide array of congener-specific, toxic 
effects such as neurotoxicity (Seegal et al. 1996), immunotoxicity (Tryphonas 1995), 
carcinogenicity (Cogliano 1998), disruption of thyroid hormones (Zoeller 2001), and
5
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developmental deficits from prenatal exposure (Rogan and Gladen 1991; Jacobson and 
Jacobson 1996). Some planar, highly substituted PCB congeners are able to interact with 
the arylhydrocarbon receptor (AhR), which induces dioxin-like effects by stimulating 
enhanced synthesis of the CYP1 Al enzyme. These congeners tend to be rated with the 
highest toxic equivalence factors (TEFs), a means of comparing different groups of 
PCBs. Other noncoplanar congeners are rated with very low TEFs, however they have 
still proved capable of immunotoxicity and neurobehavioural deficits. Consequently, 
BEST (2001) suggested that TEFs should not be relied upon entirely for conducting PCB 
risk assessments. Oliver and Niimi (1988) reported that 12 PCB congeners (84, 87/97, 
101,105,110,138,149,153, 180, and 187/182) comprised over half of the PCB burden 
in fish, and recommended that health effects research should focus on this group to 
develop more accurate fish consumption guidelines. Our toxicokinetic research in 
Chapter 2 quantified elimination dynamics of eight out of those 12 congeners (101, 110, 
138, 149,153,180, and 182/187).
1.3 -  Contaminant History for the Lake Huron-Lake Erie Corridor
The aquatic system used to test hypotheses in Chapter 3 of this thesis was the 
corridor connecting Lake Huron to Lake Erie. Lake Huron is linked to Lake St. Clair by 
the St. Clair River, and the Detroit River connects Lake St. Clair to the western basin of 
Lake Erie. The St. Clair and Detroit Rivers have been designated areas of concern 
(AOCs) by the International Joint Commission of Canada and the United States since 
1987. Other tributaries that empty into the Corridor have also been deemed AOCs. They 
are the Clinton River, which flows into Lake St. Clair on the American side, and the
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Rouge River, which also empties into the Detroit River on the American side. The 
classification of AOC means that a system has one or more beneficial use impairments 
(BUIs) because of anthropogenic disturbance. The Huron-Erie corridor is a heavily 
industrialized region with the Detroit River alone having thousands of municipal, 
commercial, and industrial discharges (UGLCCS 1988, DRCCC 1999). From a public 
health perspective, one troubling BUI in the Huron-Erie Corridor involves consumption 
guidelines on certain fish species for particular subsets of the human population (OMOE 
2005). Ontario has set limitations for 10 fish species, six of which were cited in a 2000 
survey of anglers to be the most preferred catch (DRCCC 2005). Ontario attributes 51% 
of consumption advisories to PCBs that have accumulated to levels in fish tissue that are 
not safe to eat (DRCCC 2005). In response to fish consumption advisories, and many 
other BUIs in the Corridor, remedial action plans (RAPs) have been developed to guide 
collaboration among municipal, state, provincial, and federal governments from both 
countries in improving environmental quality. An example of a remedial action 
undertaken to decrease persistent organic chemical concentrations is the removal of large 
quantities of sediment from contaminant hotspots in the Corridor (Kauss and Nettleton 
1999).
There are numerous islands in the Detroit and St. Clair Rivers, a complex natural 
delta system where the St. Clair River reaches Lake St. Clair, and a shipping channel 
dredged the entire length of the Corridor that is 21m deep in some places (UGLCCS 
1988). These are some of the characteristics that result in complex hydrological patterns 
where streams of water hug the American and Canadian sides, and a distinctly different 
stream can exist in the central channel. These intricate flow patterns, along with multiple
7
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point sources (historic and current) for pollutants drive spatially heterogeneous patterns 
of contamination. Walleye (Stizostedion vitreum), a popular sport fish species, is 
migratory (Kershner et al. 1999), and as such spends time in the Huron-Erie Corridor 
before arriving in Lake Erie. Thus, it is important to investigate the spatial contaminant 
trends in the water of the Corridor to include in bioaccumulation models for this species, 
and others with similar geographic movements. Physical characteristics such as 
temperature vary in the Corridor for areas of different depths, and are also related to 
proximity to the cooler water of Lake Huron. As such, the Huron-Erie Corridor is an 
ideal system to assess environmentally induced variability in the ktot values of E. 
complanata, and to model patterns of steady state-corrected PCB residues.
1.4 -  Mussel Biomonitoring
Water quality research has long employed living organisms as biomonitors of 
contaminants in aquatic environments. Over the last several decades, mussels have been a 
popular choice because of their ability to integrate the bioavailable fraction of a 
contaminant over a period of time, and their economy of sampling (Sericano 2000;
Ravera 2001; Gewurtz et al. 2002). Technical, non-biotic methods such as large volume 
water extraction, and passive sampling semi-permeable membrane devices cannot always 
capture bioavailable concentrations (O’Rourke 2004). Mussels are sedentary organisms, 
and thus concentrations of contaminants accumulated in their tissues represent spatially 
specific pollution patterns (Ravera 2001). For many mussel species, one individual can 
provide enough tissue for a single replicate without a need to pool samples. Mussels are 
generally resistant to toxic effects at moderate levels of contamination, and the literature
8
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demonstrates that mussels have a limited capacity for metabolizing organic contaminants, 
especially PCBs (Brown 1992; Ravera 2001; Gewurtz et al. 2002).
Mussel biomonitoring programs have been globally implemented in both 
freshwater and marine systems, as well as in both lotic and lentic environments 
(Goldberg et al. 1978; Tanabe et al. 1987; Sures et al. 1999; Gewurtz et al. 2003; 
Richman and Somers 2005). One commonly employed species in the Lake Huron-Lake 
Erie Corridor is Elliptio complanata, a very prevalent species in the lower Great Lakes 
(Metcalfe et al. 1997). In addition to PCBs, E. complanata has been used to monitor a 
variety of pollutants including heavy metals, pesticides, polycyclic aromatic 
hydrocarbons (PAHs), polybrominated diphenyl ethers (PBDEs) and more recently 
pharmaceutical and personal care products (Kauss and Hamdy 1985, Metcalfe and 
Charlton 1990; Gewurtz et al. 2003; Gagne et al. 2006; Drouillard et al. In Press).
Qualitative mussel biomonitoring studies involve collecting groups of native 
mussels from sites within the system of interest. Unfortunately, this method does not 
account for exposure history, or physiological changes that may occur for individuals 
during their lifetime, and organisms may not be in steady state with their environment at 
the time they are sampled (Binelli et al. 2001). It may also be difficult to locate sufficient 
biomass or appropriate species at the sites of interest. Recently, some biomonitoring 
studies have become more quantitative by caging relatively clean mussels and deploying 
them to sites within aquatic systems (Gewurtz et al. 2003; O’Rourke 2004). By 
establishing a fixed time period for deployment, measuring the bioaccumulation of 
ambient pollutants over time, and using laboratory-determined rate coefficients,
9
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toxicokinetic models enable the concentration at and time to steady state to be estimated 
(Gewurtz et al. 2003; O’Rourke 2004).
1.5 -  Modelling Toxicokinetics in Mussels
The most important kinetic parameter is the elimination rate constant (ktot; 
Morrison et al. 1995), which is representative of the sum of chemical losses across the 
gills (kw) and by the faeces (kj). In mussels loss of PCBs via metabolism is assumed to be 
negligible (Brown 1992). The ktot values (d'1) are often derived in the laboratory by 
dosing mussels with PCBs, and measuring their elimination over time in clean water 
aquaria. The laboratory relationship between ktot and log Kow can then be extrapolated to 
field biomonitoring situations (Gewurtz et al. 2002; Thorsen et al. 2004; O’Rourke et al. 
2004).
Using a one-compartment first-order rate constant model, the loss of chemical 
over time (t) as measured in days, for dosed organisms depurating in a clean environment 
can be represented by:
dCJdt = ~ktotCm (2)
where Cm is the lipid-corrected concentration of PCB in the mussel (pg-g"1 lipid weight). 
The original wet weight concentration determined by chromatographic analysis is 
converted to a lipid-corrected value because of the assumption that adipose tissue is the 
predominant storage site for hydrophobic chemicals such as PCBs (Mackay 1982; 
Morrison et al. 1995). Since elimination flux is hypothesized to be driven by diffusion, it 
is the gradient in lipid-normalized concentration between the animal and its surrounding 
water that specifies the elimination rate coefficient as opposed to wet weight 
concentrations. By making this correction, any differences in contaminant burden for a
10
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comparison will be genuine, and not attributed to differences in available tissue to store 
PCBs. In the field, it is difficult to measure ktot in the way described by eq. (2) because 
accumulation of ambient PCBs can confound depuration measurements. However, eq. (2) 
can be used in situ if the mussels are depurating labelled or PRC PCBs that can be 
distinguished from the ambient congeners that they would accumulate. O’Rourke et al. 
(2004) dosed mussels with [13C]PCB 153 and used eq. (2) to facilitate the measurement 
of ktot for this congener in situ, and O’Rourke (2004) dosed E. complanata with a group 
of five PCB congeners (IUPAC #7, 23, 61, 109, and 173) that were not included in 
industrial Aroclor PCB mixtures, and were thus absent for the in situ depuration study 
(Frame et al. 1996). Huckins et al. (2002) originally employed this technique for 
calibrating the in situ kinetics of semi-permeable membrane devices.
When eq. (2) is integrated, it becomes:
In Cm(t) — In Cm(t=o) — kfoft (3)
and the ktot value can be calculated as the slope of the plot of Cm on a natural logarithmic 
scale versus time. As previously mentioned, ktot represents the sum of kw and Ay and can 
therefore be shown as a function of three parameters:
ktot = ((-Fw-Ew)/KWim) + ((.Ff Ef)/Kfm,) (4)
where Fw is the water filtration rate ( g w a t e r g m u s s e f ’ d ' 1) ,  Ew is the efficiency with which 
PCBs are lost to the water across the gills of the mussel, and Kw m is the mussel-water 
partition coefficient for PCBs. Ff is the faecal production rate ( g f a e c e s g m u s s e f ' d ' 1) ,  Ew is the 
efficiency with which PCBs are assimilated by the faeces from the mussel, m d K wm is the 
mussel-faeces partition coefficient for PCBs. Fw and F/ are physiological parameters that 
are subject to change with varying environmental conditions, and thus klot is also
11
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vulnerable to variability between situations with different physical, chemical, and 
biological characteristics.
The ktot value can also be used to estimate the time needed to reach 90% of the 
steady state concentration (tgo), a useful value for comparing chemical dynamics: 
tgo = -\n  OA/kiot (5)
At the eventual steady state point, the concentration of a PCB congener in the mussel 
tissue is no longer changing with time, so the htot value can be used to estimate the steady 
state concentration using:
Cm(ss) -  Cm(t)/(\ -  exp~ktot t) (6)
1.6 -  Previous Toxicokinetic Research for Mussel Biomonitors
Eq. (6) can also be used to estimate steady state concentrations of accumulating 
congeners. In order to do this, the ktot values for the accumulated congeners are obtained 
using a predictive ktot versus log Kow relationship (with ktot plotted on a logarithmic scale). 
This relationship is developed based on a range of empirically measured km values that 
are obtained by dosing mussels in the laboratory with a suite of PCB congeners, and then 
permitting their depuration in clean aquaria. It has not been ascertained yet whether it is 
appropriate to apply a single laboratory-derived k,ot value for a congener to mussel 
biomonitors at numerous, and potentially environmentally varied in situ sites. The range 
of variability in field ktot values exhibited by mussel biomonitors as a function of 
temporal and spatial differences in physical, chemical, and biological parameters is 
poorly understood.
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Temperature is one particular environmental characteristic that has been shown in 
other bivalve species to influence physiological changes that alter chemical elimination. 
Gossiaux et al. (1996) found that for Dreissena polymorpha, elimination rate constants 
for polycyclic aromatic hydrocarbons (PAHs) and PCB 153 were higher at 15°C than at 
8°C. Fisher et al. (1993) also noticed an influence by temperature for D. polymorpha with 
PCB 153 ktot values increasing between 4 and 12°C, however they did not observe an 
increase in ktot between 12 and 20°C. The influence of temperature on heavy metal 
kinetics was studied for E. complanata by Tessier et al. (1994), but little to no 
temperature research has been conducted on the dynamics of the persistent organic 
contaminants that are frequently biomonitored by this species.
As mentioned above, the degree of variability for in situ ktot values, as well as 
whether or not in situ ktot values differ from laboratory-measured values are unclear. 
O’Rourke (2004) used PRC PCBs to measure in situ rates of elimination at two field 
sites. This research revealed that the ktot values for each congener were 1.2 to 3.2-fold 
different between the two sites (O’Rourke 2004). This study also concurrently measured 
ktot values for the same congeners in laboratory aquaria and found the laboratory values to 
be 1.1 to 2.2-fold lower than mean in situ values (O’Rourke 2004). O’Rourke et al.
(2004) measured the in situ rate of elimination for [13C]PCB 153 and found it to be nearly 
three times faster than the laboratory rate of elimination for unlabelled PCB 153 , These 
two studies do not include enough field sites to generate conclusive trends, however their 
results indicate that a more detailed investigation into the degree of variability in klot 
among in situ sites, and between the laboratory and the field is merited.
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1.7 -  Study Objectives
1.7.1 -  General Objectives
Quantitative mussel biomonitors are employed to measure bioavailable 
concentrations of a variety of pollutants in the water (Morrison et al. 1995; Gewurtz et al.
2003). The concentration data can be used as an input parameter for describing 
bioconcentration in sport fish species of concern, part of larger food web bioaccumulation 
models. These models are available for environmental managers to assess risks for people 
eating fish, and to develop fish consumption advisories. As such, it is paramount that all 
input data for food web bioaccumulation models minimize their associated error,
The best protocol currently used for quantitative mussel biomonitoring involves 
deploying caged mussels for a period of time that is related to the dynamics of the 
chemicals of interest (Gewurtz et al. 2003, O’Rourke 2004). Concentrations in the mussel 
tissue at a given time point are used with laboratory-derived km values to estimate what 
the concentration would eventually be at steady state (Gewurtz et al. 2003, O’Rourke
2004). It has been necessary in the past to employ laboratory-modelled ktot values, 
because attempts to measure this depuration characteristic in the field would be 
confounded by uptake of ambient contaminants. The necessary assumption for this 
approach is that laboratory rates of elimination are the same as would be exhibited by 
mussels in the field.
Preliminary studies of in situ depuration using PCBs and E. complanata have 
found field klot values to be much higher than laboratory values (O’Rourke 2004; 
O’Rourke et al. 2004). Further research is needed to characterize variability in ktot for a 
greater number of field sites to confirm that our previous assumptions about ktot are
14
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invalid. Also, mussel biomonitors deployed in an aquatic system such as the Lake Huron- 
Lake Erie Corridor would experience site-specific differences in a variety of physical, 
chemical, and biological characteristics. Factors such as temperature, dissolved oxygen, 
and food quantity and quality have all been suggested as strong potential influences of 
mussel toxicokinetics in situ (Russell and Gobas 1989; Heinonen et al. 1996; O’Rourke 
et al. 2004). To date, very little research has been undertaken to quantity the influence of 
these parameters for the common biomonitor species, E. complanata. This thesis aims to 
improve our understanding of variability in ktot for PCBs in E. complanata by studying 
the influence of temperature in the laboratory, and contrasting the findings of laboratory 
and in s/tw-measured toxicokinetic parameters.
1.7.2 -  Chapter 2 Objectives
The second chapter of this thesis investigated temperature as a source of 
variability in PCB depuration kinetics for A. complanata. Temperature is one of the most 
influential environmental variables for driving change in the metabolic rates of aquatic 
organisms (Dorit et al. 1991). Its role in affecting the rate at which mussels filter water 
has been documented (Widdows 1973; Schulte 1975; Langston 1978), and studies using 
other bivalve species have measured changes in contaminant elimination kinetics as a 
function of temperature-induced changes to filtration rates (Fisher et al. 1993; Gossiaux 
et al. 1996). In the Lake Huron-Lake Erie Corridor, where E. complanata is frequently 
used to monitor water quality, temperatures fluctuate both spatially and temporally. 
However to this date, the influence of temperature on ktot values for E. complanata has 
not been established. This chapter aimed to quantify how much toxicokinetic variability
15
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is exerted by temperature differences by predosing mussels with Aroclor PCBs, and 
allowing them to depurate at three water temperatures (14, 20, and 25°C) in laboratory 
aquaria. This experiment was replicated for PRC PCBs to determine if they shared 
similar depuration kinetics to Aroclors, and to confirm their potential for use in in situ 
toxicokinetic calibrations for mussel biomonitors. Specifically, hypotheses tested in 
Chapter 2 were:
2.1) The ktot values for individual PCB congeners will increase with temperature (i.e. 
the value for a congener will be higher at 25 than at 20°C, and higher at 2,0 than at 
14°C).
2.2) The relationship between ktot and log Kow (as measured by their slope when k,ot is 
plotted on a logarithmic scale) for the different temperature treatments will not 
differ significantly from one another.
2.3) The relationship of ktot versus log Kow (as measured by their slope when ktot is 
plotted on a logarithmic scale) for PRC and Aroclor congeners will not differ 
significantly from one another.
1.7.3 -  Chapter 3 Objectives
The goals of Chapter 3 were to quantify variability for PCB elimination rates at 
numerous sites in the Lake Huron-Lake Erie Corridor, to investigate spatial patterns of 
PCB contamination in this system, and to contrast findings about in s/Yw-modelled steady 
state concentrations to those derived from laboratory-modelled ktot values. By predosing 
E. complanata with five PRC PCB congeners, and measuring depuration in the field, in 
situ ktot values were calculated. The rate coefficients were used to build a predictive site-
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
specific ktot versus log Kow relationship for modelling k,ot values that were used to 
estimate steady state concentrations^,^) of accumulated Aroclor PCBs. These in situ- 
derived Cm(SS) values were compared with similar values estimated from a previously 
published laboratory ktot versus log Kow relationship. Thus, the following hypotheses were 
tested for Chapter 3:
3.1) The mean across-site in situ elimination of PRC PCBs is not significantly 
different than laboratory elimination rates established for these compounds.
3.2) Model estimated steady state concentrations of Aroclor PCBs in biomonitors are 
similar whether they are established using site-specific ktot values or laboratory 
established toxicokinetic parameters.
17
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CHAPTER 2 -  THE INFLUENCE OF TEMPERATURE ON PCB ELIMINATION 
RATE COEFFICIENTS (ktot) FOR THE COMMON FRESHWATER MUSSEL 
BIOMONITOR, ELLIPTIO COMPLANATA
2.1 -  Introduction
Caged mussel biomonitors are widely employed to track spatial and temporal 
trends of contaminant concentrations in both freshwater and marine systems (Kauss and 
Hamdy 1985; Morrison et al. 1995; O’Connor 1998; Sures et al 1999; Gewurtz et al. 
2003). Their economy of sampling, and ability to integrate bioavailable residues over a 
period of time has led to the use of various species of mussels as surrogate indicators of 
water contamination that can supplement traditional direct water extraction methods 
utilized by many environmental monitoring programs (Curry 1977/78; Sericano 2000; 
Ravera 2001; O’Rourke 2004). Elliptio complanata in particular has been frequently 
adopted as a biomonitor species in the Lower Great Lakes because of its prevalence 
(Metcalfe et al. 1997), its resistance to toxic effects by organochlorines it accumulates, 
and its poor ability to biotransform these compounds (Brown 1992; Gewurtz et al. 2002; 
Gewurtz et al. 2003).
In quantitative biomonitoring studies, E. complanata are caged at sites of interest, 
and sampled at intervals throughout the deployment period to measure concentrations of 
ambient contaminants accumulated in their tissue (Gewurtz et al. 2003; O’Rourke 2004). 
Deployment periods range from weeks to months, depending on the dynamics of the 
chemical of interest. More hydrophobic chemicals usually require longer time periods to 
reach steady state than is a desirable length for a biomonitoring study (O’Rourke 2004).
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When the biomonitor has not reached steady state with its environment at the time the 
animal is sampled, toxicokinetic models play a critical role in the interpretation of 
chemical concentration in animal tissues. Toxicokinetic models are capable of 
extrapolating time-dependent accumulated residues in the biomonitor to the steady state 
concentration (Gewurtz et al. 2003; O’Rourke et al. 2004; Drouillard et al. In Press). The 
models can also be used to estimate contaminant concentrations in relevant exposure 
media such as water or ingested food particles (Russell and Gobas 1989; Bjork and Gilek 
1996). The most important parameter for these models is the whole body elimination rate 
coefficient (ktol). Many biomonitoring studies employ laboratory-derived ktot values for 
the relevant chemical, and field bioaccumulation data to estimate the concentration of the 
chemical at, and time to reach steady state (O’Rourke et al. 2004).
Empirically measured laboratory ktot values are obtained by dosing mussels with a 
known amount of chemical, and then permitting them to depurate in a clean environment. 
It has not been ascertained whether laboratory-derived toxicokinetic parameters are 
directly applicable for the variable environmental conditions that field-deployed 
biomonitors encounter. For ubiquitously distributed contaminants, such as 
polychlorinated biphenyls (PCBs), these laboratory depuration studies are difficult to 
replicate in the field because bioaccumulation by ambient PCBs would confound 
depuration measurements. The inherent assumption for the current practice of making 
steady state estimations is that laboratory-derived ktot values are valid in situ. O’Rourke et 
al. (2004) found that in situ ktot values were significantly higher than laboratory values for 
[13C]PCB 153, and suggested environmentally-induced changes to filtration rate as a 
possible explanation.
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Many other laboratory studies undertaken to calibrate quantitative biomonitors 
have highlighted the need to account for the influence of physiologically important 
environmental conditions such as temperature, dissolved oxygen concentrations, and 
feeding rates on in situ toxicokinetics of organic contaminants (Russell and Gobas 1989; 
Fisher et al. 1993; Sericano 2000; Gewurtz et al. 2002; O’Rourke et al. 2004). The flow 
of water across the gill surface is governed by the filtration rate of the mussel, and is 
thought to be a major route of both uptake and elimination of hydrophobic contaminants 
by mussels (Pruell et al. 1986; Muncaster et al. 1990; Gobas and Morrison 2000). The 
filtration rate of mussels is also related to feeding activity. Bivalve gills facilitate gas 
exchange, and they also have special mucus layers on their cilia to trap ingested particles, 
which are eventually passed to the mouth via ventral gill particle grooves (Gosling 2003). 
The flow of water across the gill surface and rate of particle entrapment and ingestion is 
therefore governed by the filtration rate of the mussel. Changes in filtration rate are 
therefore expected to directly modulate uptake and elimination rates of contaminants, 
whether exposures occur primarily from water, food, or by both sources (Gobas and 
Morrison 2000).
Water filtration rates for bivalves have been shown to increase with temperature, 
usually within a species-specific optimum range (Widdows 1973; Langston 1978). 
Despite this, few experiments have attempted to investigate the influence of temperature 
on toxicokinetic parameters in bivalves. For Dreissena polymorpha, Gossiaux et al. 
(1996) found uptake and elimination rate coefficients for selected poly cyclic aromatic 
hydrocarbons (PAHs) and PCB 153 to be higher at 15°C than at 8°C. Fisher et al. (1993) 
also observed uptake rate coefficients increase with temperature from 4 to 20°C for this
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species. Elimination rate coefficients increased between 4 and 12°C, but were not 
significantly different between the 12 and 20°C treatments (Fisher et al. 1993). T'essier et 
al. (1994) studied the influence of temperature on cadmium and mercury kinetics in E. 
complanata, and found no significant pattern associated with the bioconcentration of 
these metals. However, they hypothesized low intensity enzymatic and biochemical 
reactions as a possible barrier to observing a physiological influence by temperature, 
processes that are not thought to be involved in the passive accumulation and elimination 
of PCBs (Gobas et al. 1986). To date, no research has investigated the effect of 
temperature on organic contaminant kinetics in E. complanata.
The present study was performed to quantify laboratory ktot values and to 
determine their relationship with hydrophobicity for several PCB congeners in E. 
complanata depurated under constant temperature conditions of 14, 20, and 25°C. These 
temperatures were selected to bracket the temperature ranges likely encountered in Great 
Lakes field biomonitoring programs which typically employ mussels during the open 
water season commencing from approximately May to November (Gewurtz et al. 2003). 
It is hypothesized that the three-fold differences previously measured between in situ and 
laboratory PCB ktot values for E. complanata (O’Rourke et al. 2004) can be explained 
partially as a result of temperature-induced variation in mussel filtration rates.
This study also contrasted elimination behaviour for two groups of PCBs. They 
included environmentally common Aroclor PCBs represented by the Aroclor mixtures 
1248, 1254, and 1260 and a second group of five PCBs not typically present in Aroclor 
mixtures or the environment henceforth referred to as performance reference compound 
(PRC) PCBs. The PRC PCBs included IUPAC congeners 7, 23, 61, 109 and 173 and
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were selected to represent congeners that were generally absent from industrial PCB 
mixtures (Frame et al. 1996). This PRC PCB group also exhibits a useful range of 
hydrophobicities (log Kow values 5.07-7.02; Hawker and Connell 1988). Thus, a second 
objective of this study was to simultaneously calibrate environmentally common and 
selected environmentally rare PCBs to ensure that the chosen PRC congeners exhibit 
similar bioaccumulation potentials and kinetic behaviour to Aroclor congeners. This 
would then enable the use of selected PRC PCBs to calibrate in situ kinetics of Aroclor 
PCBs in a manner similar to that described for PRC applications in semi-permeable 
membrane devices (Huckins et al. 2002).
2.2 -  Methods
2 .2 .1 - Experimental
E. complanata used in this study were collected from a clean freshwater lake in 
central Ontario (Balsam Lake, ON, Canada) in the summer of 2006. The average length 
of the mussels (± SE) was 7.29 ± 0.06 cm and the average weight, including the shell was 
33.38 ± 0.76 g. Balsam Lake has been reported to contain very low levels of PCBs 
(Kauss and Hamdy 1985; Gewurtz et al. 2002; O’Rourke et al. 2004), and this was 
confirmed for our study by analyzing the tissue of undosed mussels. After collection, the 
mussels were held in an aquaculture pond at Leadley Environmental Corp. (Essex, ON) 
for approximately four months before the dosing regimen began.
For the pre-experimental dosing period, mussels were placed in flow-through 40 
L glass aquaria that received dechlorinated City of Windsor water. One group of mussels 
was dosed with Aroclor PCBs by feeding them dried Spirolina algae (Tropic Aquaria,
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Brampton, ON) that was spiked with a 1:1:1 (1248:1254:1260) Aroclor mixture dissolved 
in safflower oil (Drouillard et al. 2001). A second group of mussels was dosed with PCBs 
by feeding them algae spiked with a 1:1:1:1:1 (PCB 7:23:61:109:173) non-Aroclor 
mixture (Cambridge Isotope Laboratories, Andover, MA). Algae was spiked with the 
appropriate PCB mixture by combining them with an excess of solvent (Dichloromethane 
(DCM), Optima Grade, Fisher Scientific, Ottawa, ON) that was evaporated off under 
reduced pressure and then dried in a fumehood for approximately six days. The target 
concentrations of the Aroclor- and PRC-spiked algae were 2.5 and 0.1 pg total PCBs-g'1 
algae wet weight respectively. Mussels were fed the algae 16 times over 39 d to provide a 
nominal feeding rate of 0.14 g dosed food-mussef'-d'1. A separate group of control 
mussels was fed algae that had not been spiked with PCBs at the same feeding rate during 
the dosing period. After the 39-d dosing period, the mussels were given 24 h to clear their 
gut contents before being transferred to the experimental depuration aquaria.
The mussels were divided among 12 flow-through 40 L glass aquaria that 
received dechlorinated City of Windsor water for the experiment. Four of the tanks 
received dechlorinated City of Windsor water that was chilled to produce a mean (± SE) 
temperature of 14.07 ± 0.04°C over the duration of the study. Four tanks received 
dechlorinated City of Windsor water that was heated to a constant temperature of 25°C 
water (mean ± SE; 25.53 ± 0.03°C). The final four tanks received 14°C chilled water, but 
were outfitted with individual tank heaters to raise the temperature of the aquaria to a 
mean value (± SE) of 20.34 ± 0.05°C. The flow rate was adjusted such that the water was 
exchanged in each tank approximately 3.5 times daily. Mussels that had been predosed 
with Aroclor-spiked algae were divided among two of the 14°C tanks, two of the 20°C
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tanks, and two of the 25°C tanks. Mussels that had been predosed with PRC-spiked algae 
were divided among the remaining two 14, 20, and 25°C tanks. Doubling the number of 
treatment tanks for each temperature was performed to avoid pseudoreplication artefacts 
(Hurlbert 1984). Internal control mussels, i.e. mussels fed clean algae during the dosing 
period, were divided equally among all 12 depuration tanks. A piece of PVC tubing the 
width of the tank was placed at the bottom to separate internal control from treatment 
mussels. Internal control mussels are defined as animals that initially have zero 
contaminant concentrations in their tissues and are placed in the same depuration tanks as 
treatment animals. Provided controls exhibit similar physiology, growth and filtration as 
treatments, they will accumulate both external contaminants contributed by source water 
and food as well as recycled contaminants lost by depuration from dosed treatment 
mussels (Drouillard et al. In Press).
The 92 d depuration study was conducted between 18 September and 18 
December 2006. Four Aroclor treatment and three control mussels were removed on 
Days 0, 30, 60, and 92 from their tanks at each of the three temperature treatments. Five 
PRC treatment and three control mussels were also removed on Days 0, 30, 60, and 92 
from their respective tanks at each temperature. The slight difference in the number of 
replicates between the two dosage-types was due to having more PRC-dosed mussels at 
the beginning of the study that enabled a fifth replicate to be taken at each time point. 
After their removal, mussels were frozen at -20°C prior to chemical analysis.
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2.2.2 -  Chemical Analysis
Once thawed, and measured for length and weight, the mussels were shucked, 
weighed without their shell, and then homogenized prior to analysis. Determination of 
PCB concentrations in mussel tissue was conducted using extraction and clean-up 
methods described by Lazar et al. (1992) and instrument analysis described by O’Rourke 
et al. (2004). The mussel homogenate was dried with 40 g of anhydrous sodium sulphate 
using a glass mortar and pestle, and then poured into a 60 X 2.5 cm glass column 
containing an additional 10 g sodium sulphate and 50 mL DCM:Hexane (1:1). This 
mixture was spiked with 100 pL of labelled PCBs ([13C]PCB 37, [13C]PCB 52, and 
[13C]PCB 153 at 200 ng-mL'1 total PCBs) (Cambridge Isotope Laboratories, Andover, 
MA) as an internal surrogate recovery standard, followed by elution with another 250 mL 
of DCM:Hexane (1:1). The extract was rotoevaporated down to about 1 mL, and then 
made to a volume of 10 mL with hexane. At this time a lmL aliquot was removed for 
gravimetric determination of lipids, and the remaining sample was rotoevaporated to 2 
mL. This extract was added to a 35 X 1 cm glass column packed with 6 g of activated 
florisil, and 2 cm of sodium sulphate in hexane. After being eluted from the column with 
50 mL of hexane, the extract was rotoevaporated to less than 1 mL and brought up to 1 
mL with isooctane. A method blank, and reference tissue homogenate were extracted 
with every batch of 5-8 mussels in order to verify method performance and efficiency.
Gas chromatographic analysis was performed using a Hewlett-Packard 5890/5973 
with a mass selective detector, a 7673 autosampler, and a 60 m X 0.25 mm X 0.25 pm 
DB-5 column. The injection volume was 2 pL splitless at an injection port temperature of 
250°C. The oven program began at 90°C for three minutes, then increased by 7°C-min'1
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until 150°C, and then by 3°C-min'1 until a peak temperature of 280°C where it was held 
for 5.1 min. The carrier gas was helium at a flow rate of lmL-min'1. The MSD was 
operated in SIM (single ion monitoring) mode using the ion windows described by 
O’Rourke et al. (2004). Aroclor and PRC PCBs in each sample were identified by 
retention time and ion ratios of the qualifying ion as referenced against external 
standards. The following 25 major Aroclor PCBs were targeted for analysis: 31/28,
33/20, 52,49,44, 95, 101,99,100,118,136,151, 149,146,153/132, 141,138,128, 179, 
187/182, 174, 177, 180, 170/190, and 201. All 5 PRC PCBs were quantified for during 
GC-MSD analysis for the PRC-dosed group.
Concentrations of individual congeners were determined by comparing the area 
under the chromatogram for each congener to the area for that congener in the 
appropriate external standard injected with each batch of six mussels. The average 
recovery efficiencies (mean ± SE) were 90.9 ± 2.2, 96.5 ± 2.4, and 90.5 ± 1.7% for [13C]- 
labelled PCB 37, 52, and 153 respectively. Individual samples with recovery values less 
than 70% were not included (n=2), and data were not recovery-corrected prior to analysis. 
The reference tissue homogenates all fell within two standard deviations of the database 
average.
2.2.3 -  Data Analysis
Under depuration conditions, the loss of PCB in a mussel over time (t) can be 
described by a one-compartment first order rate constant model:
d C ' d t  k fo tC m  (1)
where Cm is the lipid-normalized PCB concentration (pg-g"1 lipid weight) at a particular
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point in time, and ktot (d"1) is the whole body elimination rate coefficient (sum of
elimination from waste, metabolism, and across the gills). Assuming first order 
elimination kinetics, eq. (1) is integrated to:
where Cm:t(o) is in the initial chemical concentration in the mussel. In practice, however, it 
is impossible to ensure a completely clean environment to facilitate depuration. Trace 
quantities of contaminant can occur in depuration aquaria from the source water, 
contaminants in food, and the recycling of contaminants within aquaria from depurated 
residues from treatment animals. Drouillard et al. (In Press) recently described the 
derivation of equations for control correction when internal control mussels are used as 
described in the present study. According to Drouillard et a l (In Press), eq. (2) can be 
modified to:
where Cm,t(t) is the concentration in the treatment mussel at a given time point, and Cm>c(t) 
is the mean concentration in the control mussels at the same time point. As per eq. (3), 
the ktot values were calculated as the slope of the regression of the In of the control- 
corrected Cm versus time relationship. Time needed to reach 90% of steady state 
concentration (1%) for a congener was then estimated according to:
Statistical analyses were performed using ORIGIN 7 (Origin Lab Corporation, 
2002, Northampton, MA) for linear regression analyses, and SYSTAT 8.0 (SPSS Inc., 
1998, Chicago, IL) for analysis of variance (ANOVA) and analysis of covariance 
(ANCOVA). The level of significance for all ANOVAs, ANCOVAs, and linear
In Cmj(t) In Cmj(o) ktot't (2)
(3)
tg0 = -In QA/ktot (4)
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regressions was assessed at jr?<0.05. Data were tested for normality using Shapiro-Wilk’s 
test and log-normalized where necessary before analysis. All mean values reported in the 
text are expressed as mean ± standard error (SE) unless otherwise indicated.
2.3 -  Results
2.3.1 -L ip id  Content
The mean lipid content (± SE) was 0.25 ± 0.02% for the mussels at 14°C, 0.23 ± 
0.02% for the mussels at 20°C, and 0.25 ± 0.02% for the mussels at 25°C (Table 2.1). 
There were no significant differences (ANOVA; p=Q.16) in lipid contents for mussels 
held at different temperatures. The lipid content in the mussel tissues also did not exhibit 
significant changes throughout the depuration period (ANOVA; /?=0.18). The above 
shucked tissue lipid contents are similar to those reported in other studies with this 
species (O’Rourke et al. 2004; Thorsen et al. 2004).
2 .3 .2 - Elimination Rate Coefficients
During the depuration period of the study, PCB concentrations in the dosed 
mussel tissue were observed to decrease with time. Mean lipid-normalized PCB 
concentrations for Aroclor PCBs in treatment and control animals at three temperatures 
are summarized in Table 2.1. Data for lipid-normalized PCB concentrations for PRC 
PCBs are provided in Table 2.2.
Control correction was necessary because the PCB residues in the internal control 
mussels indicated they accumulated high levels of selected Aroclor and PRC PCBs in 
their respective depuration tanks for all temperature treatments. The amount of control
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.1 Mean (± SE) concentration of Aroclor PCBs (pg-g'1 lipid weight) in treatment and control
(in parentheses) mussels. Where values lack SE, n - 1, and ND indicates a non-detected value.
PCB ] " ) q v  0 Day 30 Day 60vj&y  v
14°C 20°C 25°C 14°C 20°C 25°C
Lipid (%) 0.31 ±0.04 0.22 ±0.02 0.23 ± 0.03 0.27 ±0.03 0.21 ±0.03 0.21 ±0.02 0.28 ±0.02
(0.35 ±0.04) (0.17 ±0,06) (0.32 ±0.12) (0.29 ±0.05) (0.24 ±0.10) (0.26 ±0.01) (0.29 ±0.01)
31/28 0.849 ±0.126 0.197 ±0.095 0.022 ±0.008 0.024 ±0.009 0.052 0.024 0.030 ±0.010
(ND) (0.055 ±0.009) (0.028 ±0.012) (0.015) (0.054 ±0.035) (0.014) (0.012 ±0.001)
33/20 0.273 ±0.043 0.057 ±0.013 ND ND ND ND ND
(ND) (ND) (ND) (ND) (ND) (ND) (ND)
52 0.811 ±0.144 0.378 ±0.181 0.093 ± 0.026 0.088 ±0.020 0.173 ±0.016 0.071 ±0.010) 0.058 ±0.008
(0.039 ±0.007) (0.183 ±0.031) (0.092 ±0.039) (0.063 ±0.011) (0.121 ±0.033) (0.055 ±0.013) (0.023 ±0.005)
49 0.341 ±0.068 0.179 ± 0.090 0.042 ±0.004 ND 0.073 ±0.011 0.039 ±0.016 ND
(ND) (0.092 ±0.028) (0.035 ±0.010) (0.038) (0.025 ± 0.003) (0.017 ±0.001) (ND)
44 0.439 ±0.078 0.149 ± 0.065 0.048 ±0.010 0.045 ± 0.024 0.062 ±0.006 0.044 ±0.011 0.031 ±0.011
(ND) (0.069 ±0.018) (0.066 ±0.015) (0.018 ±0.007) (0.044 ±0.003) (0.028) (0.017)
95 0.981 ±0.236 0.471 ±0.184 0.143 ±0.035 0.144 ±0.022 0.207 ±0.020 0.096 ±0.017 0.056 ±0.007
(0.048 ±0.006) (0.231 ±0.063) (0.134 ±0.063) (0.101 ±0.023) (0.162 ±0.059) (0.057 ±0.010) (0.035 ±0.003)
101 1.212± 0.307 0.829 ±0.406 0.269 ±0.045 0.253 ±0.041 0.305 ± 0.026 0.174 ± 0.019 0.067 ±0.008
(0.038 ±0.005) (0.243 ±0.048) (0.198 ±0.086) (0.140 ±0.035) (0.245 ±0.132) (0.081 ±0.023) (0.033 ±0.007)
99 0.412± 0.104 0.342 ±0.188 0.084 ±0.013 0.096 ±0.016 0.140± 0.015 0.073 ±0.018 0.040 ±0.008
(0.011) (0.079 ±0.017) (0.066 ±0.031) (0.056 ±0.010) (0.076 ±0.033) (0.034 ±0.006) (0.017 ±0.002)
110 1.367± 0.353 0.808 ±0.369 0.230 ±0.057 0.245 ± 0.042 0.308 ±0.024 0.149 ±0.029 0.059 ±0.014
(0.029 ±0.004) (0.254 ± 0.064) (0.215 ±0.104) (0.155 ±0.036) (0.181 ±0.086) (0.071 ±0.014) (0.030 ±0.003)
118 1.034 ±0.267 0.722 ±0.349 0.240 ±0.062 0.235 ±0.037 0.303 ± 0.042 0.174 ± 0.031 0.047 ±0.012
(0.021) (0.142 ± 0.024) (0.142 ±0.065) (0.110 ±0.028) (0.083 ± 0.022) (0.042 ±0.008) (0.024)
136 0.168 ±0.047 0.132 ±0.059 0.035 ±0.009 0.034 ±0.004 0.056 ±0.008 0.027 ±0.008 0.021 ±0.004
(ND) (0.045 ± 0.009) (0.024 ±0.012) (0.024 ± 0.007) (0.052 ±0.036) (0.014 ±0.003) (ND)
151 0.279 ±0.080 0.191 ± 0.092 0.048 ± 0.003 0.057 ±0.011 0.096 ±0.010 0.047 ±0.011 0.025 ±0.007
(ND) (0.041 ±0.012) (0.039 ±0.016) (0.027 ± 0.006) (0.015 ±0.001) (0.025) (ND)
149 0.754 ±0.239 0.520 ± 0.270 0.176 ±0.018 0.175 ±0.027 0.297 ±0.035 0.148 ±0.019 0.049 ±0.010
(0.027 ±0.008) (0.114 ± 0.026) (0.106 ±0.042) (0.083 ±0.018) (0.123 ±0.059) (0.055 ±0.011) (0.022 ± 0.002)
146 0.160± 0.053 0.091 ±0.051 0.037 ±0.004 0.031 ±0.004 0.070 ±0.024 0.032 ± 0.003 ND
(ND) (0.038) (0.021 ±0.010) (0.012) (0.012) (0.011) (ND)
153/132 1.530 ±0.478 1.187 ± 0.660 0.416 ±0.027 0.388 ±0.060 0.795 ±0.134 0.355 ±0.049 0.176 ±0.033
(0.052± 0.011) (0.263 ± 0.040) (0.255 ± 0.093) (0.184 ±0.049) (0.243 ±0.109) (0.124 ±0.008) (0.048 ± 0.003)
141 0.249± 0.084 0.166 ±0.084 0.058 ±0.007 0.065 ±0.011 0.114 ± 0.018 0.060 ±0.010 0.020
(ND) (0.029 ±0.001) (0.042 ± 0.024) (0.034) (0.018) (0.016) (ND)
138 1.452 ±0.455 1.224 ±0.679 0.446 ±0.034 0.431 ±0.069 0.981 ±0.153 0.446 ± 0.046 0.177 ±0.043
(0.046 ±0.010) (0.221 ±0.040) (0.248 ±0.114) (0.195 ±0.045) (0.221 ±0.077) (0.121 ±0.007) (0.050 ±0.008)
128 0.283 ±0.075 0.171 ±0.080 0.055 ±0.008 0.052 ±0.006 0.137 ±0.008 0.046 ±0.007 0.014
(ND) (0.1333) (0.041) (ND) (0.026) (0.030) (ND)
179 0.149± 0.048 0.115 ±0.059 0.038 ± 0.007 0.038 ±0.008 0.090 ±0.016 0.036 ±0.005 0.021 ±0.006
(ND) (0.025 ±0.005) (0.027) (0.012 ±0.006) (ND) (0.016 ±0.002) (ND)
187/182 0.299± 0.108 0.242 ±0.138 0.073 ± 0.003 0.073 ±0.013 0.218 ±0.041 0.085 ± 0.008 0.033 ±0.010
(ND) (0.035 ±0.010) (0.034 ±0.015) (0.029 ±0.008) (0.028 ±0.001) (0.017± 0.001) (ND)
174 0.278 ±0.100 0.218 ±0.133 0.065 ±0.008 0.079 ±0.013 0.161 ±0.040 0.081 ±0.011 0.027 ±0.008
(ND) (ND) (0.045) (0.017 ±0.009) (ND) (0.021 ±0.001) (ND)
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PCB Day 0 ______________ Day_30___________________________   Day 60_____
14°C 20°C 25°C 14°C 20°C 25°C
177 0.160 ±0.060 0.152 ±0.098 0.035 ±0.003 0.036 ±0.007 0.094 ±0.010 0.033 ±0.007 ND
(ND) (ND) (0.036) (0.036) (ND) (ND) (ND)
180 0.541 ±0.220 0.359±0.210 0.126 ± 0.013 0 .135±0.025 0.349±0.077 0.154 ±0.032 0.072±0.020
(ND) (0.033 ± 0.007) (0.040 ± 0.017) (0.031 ± 0.007) (0.046 ± 0.017) (0.024 ± 0.006) (0.017)
170/190 0.311 ±0.129 0 .174±0.107 0 .054±0.006 0.067±0.018 0.160±0.031 0.040 ±0.008 0.013
(ND) (ND) (ND) (ND) (ND) (ND) (ND)
201 0.134 ±0.051 0.134 ±0.092 0.032 0.026 ±0.002 0.058 ±0.011 0.033 ± 0.006 ND
______________ (ND)__________ (ND)___________(ND)___________(ND)___________(ND)___________(ND)__________ (ND)
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PCB Day 92
14°C 20°C 25°C
Lipid (%]1 0.30±0.03 0.26 ±0.02 0.21 ±0.02
(0.31 ±0.06) (0.20 ±0.03) (0.29 ±0.06)
31/28 0.082 ±0.032 0.008 ±0.001 0.012±0.002
(0.112± 0.095) (0.009) (0.024 ±0.007)
33/20 0.029± 0.013 ND ND
(0.082) (ND) (0.027 ±0.009)
52 0.214 ± 0.105 0.040 ±0.004 0.038 ±0.005
(0.135 ± 0.073) (0.017± 0.005) (0.058 ± 0.015)
49 0.131 ±0.082 0.014±0.001 ND
(0.102) (ND) (0.012)
44 0.145 ±0.035 0.024 ±0.001 ND
(0.133) (ND) (ND)
95 0.282± 0.126 0.042 ±0.005 0.034 ±0.008
(0 .144± 0.085) (0.022 ± 0.004) (0.043 ± 0.011)
101 0.413 ±0.207 0.084± 0.021 0.047 ±0.007
(0.175 ± 0.090) (0.030± 0.003) (0.055 ± 0.016)
99 0.199 ±0.116 0.041 ±0.010 0.025 ±0.006
(0.058±0.032) (0.014± 0.002) (0.029± 0.015)
110 0.424 ±0.217 0.060± 0.014 0.040 ±0.004
(0.170±0.109) (0.027± 0.003) (0.051 ±0.013)
118 0.345 ±0.147 0.079 ±0.028 0.033 ±0.006
(0.128±0.087) (0 .017± 0.004) (0 .034± 0.014)
136 0.063 ±0.029 0.014±0.003 ND
(0.041 ±0.024) (0.005) (0.010± 0.005)
151 0.136±0.082 0.024 ±0.005 0.011 ±0.002
(0.052 ±0.032) (0.006) (0.019 ±0.007)
149 0.378 ±0.223 0.068±0.017 0.038 ±0.004
(0.110 ± 0.059) (0.023 ± 0.003) (0.046 ± 0.011)
146 0.111 ±0.084 0.028 ±0.009 0.022 ±0.001
(0.028 ± 0.011) (0.008 ± 0.001) (0.015 ± 0.004)
153/132 0.961 ±0.598 0.181 ±0.050 0.112 ± 0.014
(0.225± 0.121) (0 .059± 0.007) (0 .106± 0.031)
141 0.120± 0.062 0.035 ±0.009 ND
(0.078) (0.003) (0.011)
138 0.821 ±0.417 0.202 ±0.070 0.120±0.010
(0.207± 0.114) (0.061 ± 0.009) (0.102 ± 0.018)
128 0.130 ±0.062 0.052±0.031 ND
(0.067) (ND) (0.010)
179 0.091 ±0.051 0.019±0.004 0.022 ±0.005
(0.035 ± 0.022) (0.008 ± 0.001) (0.014 ± 0.006)
187/182 0.280± 0.193 0.044 ±0.011 0.040 ±0.004
(0.056 ± 0.029) (0.017± 0.002) (0.028 ± 0.007)
174 0.163 ±0.090 0.036±0.010 0.032 ±0.004
(0.051 ±0.041) (0 .014± 0.001) (0.021 ± 0.009)
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PCB Day 92
14°C 20°C 25°C
177 0.115 ±0.070 0.025 ±0.007 ND
(0.051) (0.004) (0.013)
180 0.467 ±0.322 0.070 ±0.019 0.072 ±0.009
(0.078 ±0.045) (0.022 ±0.002) (0.039 ±0.016)
170/190 0.220±0.147 0.046 ±0.014 0.022 ±0.005
(0.092) (0.008) (0.008)
201 0 .112± 0.080 0.027 ±0.005 0.025 ± 0.004
(0 .0 3 2 ± 0.010) (0 .013± 0.001) (0.020±0.011)
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Table 2.2 Concentration of PRC PCBs (pg-g’1 lipid wt) measured in treatment and control (in 
parentheses) mussels at three temperatures. All values shown are means (± SE), where values 
lack SE, n= 1, and ND indicates a non-detected value._________________________________
PCB Day 0 Day 30 Day 60
14°C 20°C 25°C 14°C 20°C 25°C
Lipid (%) 0.21 ±0.07 0.17 ±0.03 0.24 ± 0.05 0.19 ±0.06 0.27 ± 0.02 0.27 ± 0.03 0.27 ± 0.02
(0.35 ± 0.04) (0.29 ±0.01) (0.18 ±0.01) (0.23 ± 0.05) (0.23 ± 0.03) (0.12 ±0.03) (0.37 ± 0.09)
7 0.298 ± 0.093 ND ND ND ND ND ND
(ND) (0.018 ±0.007) (0.022 ± 0.006) (ND) (0.014 ±0.001) (ND) (0.037)
23 0.522 ±0.195 ND ND ND ND 0.028 ± 0.003 ND
(ND) (0.015) (0.011 ±0.001) (ND) (ND) (ND) (ND)
61 1.577 ±0.603 0.293 ± 0.099 0.188 ±0.023 0.110 ± 0.015 0.077 ±0.015 0.136 ±0.037 0.092 ± 0.034
(ND) (0.081 ±0.015) (0,086 ± 0.028) (0.043 ±0.014) (0.098 ±0.014)
109 1.990 ±0.862 0.444 ±0.133 0.233 ± 0.039 0.181 ±0.021 0.107 ±0.019 0.171 ±0.030 0.093 ± 0.032
(ND) (0.081 ± 0.012) (0.126 ± 0.037) (0.080 ±0.018) (0.092 ±0.014) (ND) (0.029 ± 0.019)
173 1.031 ±0.496 0.388 ± 0.030 0.373 ± 0.033 0.296 ± 0.076 0.178 ±0.035 0.210 ±0.028 0.143 ±0.016
(ND) (0.032 ± 0.004) (0.055 ± 0.012) (0.047 ± 0.013) (0.049 ±0.010) (0.026) (0.021 ± 0.002)
Day 90
14°C 20°C 25°C
Lipid (%) 0.22 ± 0.05 0.23 ± 0.04 0.17 ±0.04
(0.35 ± 0.04) (0.40 ± 0.03) (0.19 ±0.07)
7 ND ND ND
(ND) (ND) (ND)
23 ND ND ND
(0.018) (ND) (ND)
61 0.059 ± 0.027 0.013 ± 0.004
(0.015 ±0.001) (0.008) (ND)
109 0.064 ±0.019 0.027 ±0.012 0.019 ±0.003
(0.012 ±0.004) (0.005) (ND)
173 0.185 ±0.059 0.082 ±0.011 0.095 ± 0.025
(0.013 ± 0.003) (0.009 ± 0.003) (0.011)
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accumulation as a proportion of the concentration of a congener in the corresponding 
treatment mussel decreased with increasing log Kow values. Even so, mean levels of 
control mussel accumulation by higher log Kow congeners were frequently greater than 
30% of levels measured in treatment mussels at the corresponding time points. Controls 
generally demonstrated accumulation of PCB congeners as early as the first time point 
(Day 30) from low (2.0 to 4.9%) or zero initial concentrations. This was also the case for 
Aroclor PCB congeners, which exhibited an average Day 30 control accumulation for 
sum PCBs of 40.5 ± 5.8% across the temperature treatments. For PRC PCB congeners, 
no temporal pattern was apparent. Mean control mussel residues showed the highest 
control accumulation to be 582.2% of the concentration measured in a corresponding 
treatment mussel collected at the same time point (PCB 49, Day 92, 14°C). For both 
groups of PCBs there was no identifiable effect of temperature on control accumulation. 
To account for chemical recycling, a control correction was performed on all treatment 
data as described in eq. (3).
Of the PCB congeners analysed, control-corrected treatment mussels exhibited 
significant elimination for 12 congeners at 14°C, 25 congeners at 20°C, and 26 congeners 
at 25°C. Elimination of selected tetra-, penta-, hexa-, and heptachlorobiphenyl Aroclor 
congeners at each temperature is shown in Fig. 2.1, and elimination of PRC PCB 23, 61, 
109, and 173 is shown in Fig. 2.2. Elimination rate coefficients for all congeners are 
presented in Table 2.3. These ktot values varied by a factor of 4.6, ranging from 0.016 to 
0.073 d '1 across all congeners and temperature treatments. The corresponding times 
needed to reach 90% of steady-state concentration (tgo) ranged between 31.5 and 143.2 d.
40









2 Hexachl orobipheny 1 
PCB 151
0 1
0 20 40 60 80 1000 20 40 60 80 100
Time (days)
Fig. 2.1 The depuration of several Aroclor PCB congeners over time (PCB 52, 101,151,
and 180). Elimination occurring at 14°C is represented by ▲ and  , at 20°C by • and
 , and at 25°C by ■ and .
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Fig. 2.2 The depuration of several PRC PCB congeners over time (PCB 23, 61, 109, and
173). Elimination occurring at 14°C is represented by a  an d  , at 20°C by • and ,
and at 25°C by ■ and .
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Table 2.3 PCB elimination rate coefficients (ktot) for Aroclor and Performance Reference Compound





km (d "') bo R2c n* k,al (d bob R2c nd kln,(  d '1) bo* r 2c «d
Aroclors
31/28 5.67 0.073 ±0.017 ** 31.5 0.73 9 0.072 ±0.017 31.7 0.64 12 0.99
33/20 5.6 0.052 ±0.009 *** 44.4 0.82 9
52 5.84 0.040 ± 0.005
***
57.0 0.82 14 0.054 ±0.011
* 42.6 0.68 13 0.16
49 5.85 0.030 ±0.011 * 76.6 0.40 13 0.035 ±0.013
•
66.2 0.38 13 0.77
44 5.75 0.059 ±0.011 38.8 0.72 13 0.034 ±0.005
* * *
68.0 0.85 11 0.072 ±0.015
«» 32.0 0.73 10 0.03
95 6.13 0.040 ± 0.008
* * *
57.7 0.66 15 0.066 ±0.012
* * *
34.8 0.72 14 0.09
101 6.38 0.025 ±0.009 * 91.5 0.38 15 0.033 ±0.010
**
70.4 0.40 17 0.058 ±0.007
* * * 39.6 0.84 14 0.13
99 6.39 0.018 ±0.007 * 129.8 0.34 15 0.029 ± 0.009
*»
80.4 0.42 16 0.050 ±0.010
* * *
45.8 0.66 14 0.09
110 6.48 0.025 ±0.009 ’ 91.6 0.37 16 0.039 ±0.006
***
59.0 0.81 13 0.067 ± 0.009
* * *
34.5 0.83 14 0.01
118 6.74 0.016 ±0.006 * 143.2 0.33 16 0.040 ± 0.008
***
57.7 0.66 15 0.056 ±0.008
*** 41.2 0.78 16 0.01
136 6.22 0.031 ±0.006
*#*
74.7 0.71 13 0.046 ±0.018
*
50.1 0.41 12 0.21
151 6.64 0.018 ±0.007 * 128.5 0.29 16 0.027 ± 0.009 * 85.2 0.42 14 0.047 ±0.016 * 49.2 0.46 12 0.25
149 6.67 0.030 ± 0.006
* * *
76.8 0.60 17 0.054 ± 0.009
* * * 42.9 0.76 14 0.01
146 6.89 0.023 ± 0.007
**
97.9 0.48 15 0.033 ± 0.008
**
70.3 0.64 12 0.49
153/132 6.92 0.027 ± 0.006
***
83.7 0.55 17 0.045 ± 0.007
***
51.0 0.75 17 0.01
141 6.82 0.019 ±0.008 * 120.1 0.31 16 0.051 ±0.023 * 44.8 0.34 12 0.16
138 6.83 0.019 ±0.006
*»
119.1 0.47 16 0.038 ± 0.005
*** 60.6 0.77 17 0.02
128 6.74 0.048 ±0.016
*
47.7 0.53 10
179 6.73 0.026 ±0.009 * 87.3 0.38 16 0.025 ± 0.007
**
91.7 0.49 15 0.32
187/182 7.19 0.026 ± 0.007
**
90.1 0.49 17 0.032 ± 0.006
* * *
71.1 0.65 18 0.20
174 7.11 0.026 ± 0.008
**
89.9 0.41 17 0.030 ±0.005
* * *
76.3 0.74 17 0.12
177 7.08 0.055 ±0.019 * 41.8 0.53 9
180 7.36 0.023 ± 0.006
**
100.6 0.50 17 0.028 ± 0.005
* * *
83.3 0.62 18 0.15
170/190 7.27 0.020 ± 0.006
**
113.2 0.48 14 0.031 ±0.007
* * *
73.9 0.67 13 0.05
201 7.62 0.022 ± 0.006
**
106.9 0.58 13 0.045 ±0.010
**
51.5 0.70 11 0.03
PRCs
7 5.07
23 5.57 0.038 ± 0.009
* * *
52.5 0.81 10
61 6.04 0.038 ±0.008 *** 60.0 0.67 14 0.046 ± 0.007
* * *
50.7 0.79 13 0.047 ±0.011
* * 48.6 0.55 16 0.79
109 6.48 0.035 ±0.007 66.2 0.69 17 0.046 ±0.007
* * *
51.9 0.72 15 0.045 ± 0.007
* * * 51.7 0.70 20 0.60
173 7.02 0.019 ±0.008 ** 117.3 0.33 21 0.022 ± 0.005
* * *
104.8 0.58 16 0.022 ±0.005
« * *
105.4 0.51 21 0.93
Note: *** /KO.OOl, **/K0.01, *;?<0.05 
a log Kow values were obtained from Hawker and Connell (1988) 
b time (days) required for mussels to reach 90% steady state (-In 0A/ktot)
0 coefficient of determination for linear regression analysis 
d number of samples with concentration values above the detection limit
e significant difference between lowest and highest ktot value among temperature treatments ifp<0.05 
(ANCOVA)
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For 26 out of 30 eongeners (exceptions were PCB 31/28,44,109, and 179) the 
absolute rate of depuration increased with temperature between the 14, 20, and 25°C 
treatments. Where there were exceptions, the ktot values were generally very close to one 
another (i.e. 1.01, 1.75, 1.01, and 1.05-fold difference between similar km values for PCB 
31/28,44, 109, and 179 respectively). Although this pattern of ktot values increasing with 
temperature was fairly consistent across chemicals and treatments, ANCOVAs revealed 
that the temperature effect was infrequently significant for individual chemicals. A 
significant difference (ANCOVA; p<0.05) between the lowest and highest ktot values of 
the treatments existed for only eight congeners (PCB 44,110,118, 149, 153/132,138, 
170/190 and 201). For these eight congeners the average difference in ktot between 
temperature treatment with the lowest and highest ktot value was 2.04 ± 0.25-fold, with a 
range of 1.53 to 3.47-fold difference.
2.3.3 -  Relationship Between ktot and log Kow
Plotting ktot values for Aroclor and PRC congeners at all temperatures on a 
logarithmic scale against their log Kow values yielded a weak, although significant 
correlation (Fig. 2.3). This overall relationship was represented by the equation: log ktot = 
(-0.14 ± 0.03)log Kow -  (0.49 ± 0.16) (R2=023, n=63,p<0.000\). As expected, 
elimination of PCBs was Slower for more hydrophobic congeners. The relationship 
between elimination and hydrophobicity was also examined for ktot values at each 
temperature. Linear regression analyses performed for ktot versus log Kow for all six 
treatments (i.e. Aroclor PCBs at 14, 20, and 25°C, and PRC PCBs at 14, 20 and 25°C) are 
presented in Table 2.4. Owing to the limited number of PRCs examined, only regressions
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Fig. 2.3 A summary of Aroclor (A) and PRC (P) PCB elimination rate coefficients (ktot) for E. 
complanata, and their relationship with log Kow at 14, 20, and 25°C. The solid line represents 
the linear regression for all ktot values in the present study (log ktot = (-0.14 ± 0.03)log Kow -  
(0.49 ± 0.16); R2=0.23, n=63,p<0.0001 ). The dotted line represents the linear regression for 
ktot values previously measured by O’Rourke et al. (2004) for Aroclor PCBs at 21°C (log klol = 
-0 .59-log Kow + 2.05; R2=0.80, w=41,/?<0.001). The error bars represent standard error for ktot 
values.
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Table 2.4 Summary of linear regression equations for the ktot versus Kow relationship for 
Aroclor and PRC PCBs separately at three temperatures, and for all PCB congeners 
combined at the three temperatures.______________________________________
Treatment Regression equation r 2* nb P°
Aroclor 14°C log ktot = (-0.51 ± 0.12)log Kow + (1.66 ± 0.72) 0.83 9 <0.001
Aroclor 20°C log k,o, = (-0.13 ± 0.04)log Kow - (0.65 ± 0.29) 0.51 21 <0.001
Aroclor 25°C log km = (-0.22 ± 0.04)log Kow + (0.12 ± 0.28) 0.58 23 <0.001
PRC 14°C log kot = (-0.24 =fc 0.22)log Kow + (0.07 ± 1.41) 0.73 3 0.35
PRC 20°C log km = (-0.14 ± 0.1 l)log Kow - (0.50 ± 0.66) 0.30 4 0.45
PRC 25°C log ktot = (-0.37 ± 0.17)log Kow + (0.98 ± 1.07) 0.79 3 0.30
14°C log kt0t = (-0.39 ± 0.09)log Kow + (0.96 ± 0.55) 0.74 12 <0.001
20°C log kto, = (-0.14 ± 0.04)log Kow - (0.57 ± 0.26) 0.44 25 <0.001
25°C log kt0 1 = (-0.22 ± 0.04)log Kow + (0.10 ± 0.27) 0.52 26 <0.001
a co-efficient of determination for linear regression analysis 
b number of significant ktot values included in the linear regression analysis 
c significant ifp<0.05
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for ktot versus log Kow for the Aroclor PCBs were significant. As ANCOVA revealed the 
relationship between k,ot and log Kow was not significantly different between Aroclor and 
PRC PCBs (p=0.49), and because the three PRC PCB regressions were not significant, 
the ktot values for the two congener groups were combined for each temperature 
treatment. Linear regressions for each of the three temperature treatments revealed the 
slopes of ktot plotted on a logarithmic scale against log Kow were significant (pO.OOl) and 
varied by a factor of 2.8 (Table 2.4). ANCOVA revealed that there was a significant 
difference between the smallest and largest slopes among the temperature treatments 
(p=0.005; Table 2.4).
2.4 -  Discussion
2.4.1 -  Lipid and Control Corrections
Even though there was no generalized change in lipids over time, or between 
temperature treatments, data were lipid-normalized to account for inter-individual 
variability in lipid contents. Control correction was also performed on data because the 
internal control mussels showed accumulation of Aroclor and PRC PCBs in the 
depuration tanks. As PRC PCBs are not found in the natural environment (Frame et al. 
1996), control accumulation of these congeners reveals the source of PCBs in control 
mussels to be the recycling of depurated chemical, as opposed to water, or food. This 
recycling occurred in spite of flow-through conditions (turnover approximately 3.5 times 
per day), and bi-weekly water changes. Also, control accumulation occurred to a similar 
extent among aquaria for all six treatments (Aroclor and PRC PCBs at 14, 20, and 25°C). 
O’Rourke et al. (2004) took the precaution of including internal control mussels in the
Al
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experimental design of their laboratory PCB elimination study using E. complanata, and 
deemed control correction of their data to be both necessary and valid. O’Rourke et al. 
(2004) did not include treatment data in the analysis if the control mussels accumulated 
greater than 30% of treatment concentrations for a time point. Treatment data from the 
present study with accumulation less than 100% were control-corrected. Since the control 
mussels experienced such high accumulation, using the same cut-off level as O’ Rourke et 
al. (2004) would have eliminated the majority of our data. In both static and flow-through 
systems, researchers have suggested using internal control animals (Morrison et al. 1995; 
Coristine et al. 1996; O’Rourke et al. 2004; Drouillard et al. In Press), and the findings of 
our study strongly support the necessity of this recommendation.
2.4.2 -  Influence of Temperature on Chemical Elimination
Temperature consistently induced variability in ktot values measured in our study, 
and although the influence was weak, elimination of PCBs was generally faster at warmer 
temperatures. This pattern was expected because of the dependence of chemical exchange 
in bivalves on filtration and ingestion rates, and the widely understood influence of 
temperature on these physiological processes (Fisher et al. 1993; Gossiaux et al. 1996; 
Gosling 2003). Metabolic expenditures, as measured by oxygen consumption, generally 
increase with temperature (Gosling 2003). In order to avoid weight loss, and to satisfy 
respiratory demands, aquatic animals tend to increase their filtration and ingestion rates 
under warmer conditions (Gosling 2003). It is possible that E. complanata at higher 
temperatures made such an adjustment to their feeding rates (by either increasing 
pumping rates, or decreasing pseudofaeces production). This would have enabled a
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corresponding increase in chemical elimination via the related increase in faecal egestion. 
Although the temperature influence on chemical elimination was fairly consistent, the 
differences were infrequently significant because of the high degree of variability in 
contaminant residues measured in individual mussels among the treatments. Thus it is 
difficult to interpret to what extent the toxicokinetic variability exhibited by individual 
mussels was a function of initial dosing success, as opposed to their differential responses 
to experimental conditions. The present study failed to achieve high concentrations of the 
Aroclor and PRC PCBs prior to depuration. This made it necessary to discern patterns of 
chemical elimination on a smaller scale, a task that is more difficult than identifying 
differences across many orders of magnitude. Failure to achieve a high dose in treatment 
mussels before depuration also enabled control mussel accumulation to frequently 
approach treatment mussel residues. Future studies should attempt to achieve higher PCB 
concentrations and more even dosing of mussels in advance of the depuration phase to 
better resolve differences among temperature treatments.
2.4.3 -  Relationship Between ktot and log Kow
The 4.6-fold variation between the lowest and highest ktot value for this study is 
almost four times less variation than was observed by O’Rourke et al. (2004) who 
reported over 16-fold variation among PCB congeners of approximately the same log Kow 
range in E. complanata under one set of consistent depuration conditions. Time to reach 
steady state concentrations are estimated from ktoh so time to reach 90% of steady state 
(tgo) also differed between the present study and O’Rourke et al. (2004). Whereas the 
range for this study was 31.5 to 143.2 d, O’Rourke et al. (2004) found the congeners
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would take between 28 and greater than 500 d to approach 90% steady state. The lower 
ends of the t% range are similar but the tgo values for more hydrophobic congeners are 
much shorter for the present study than for O’Rourke et al. (2004). As such, major 
differences between ktot values between this study and O’Rourke et al. (2004) occurred 
for congeners with log Kow>6. This trend can be seen qualitatively in Fig. 2.3 by the 
differences in the slopes of the two regression lines at higher log Kow values. For 
example, kl0, for PCB 153, with a log Kow of 6.92, was measured by O’Rourke et al. 
(2004) to be 0.009 ± 0.003 d’1. This value is 3-fold lower than our 20°C value of 0.027 ± 
0.006 d '1, and 5-fold lower than our 25°C value of 0.045 ± 0.007 d '1. We do not suspect 
temperature as a driving factor for this variability as O’Rourke et al. (2004) conducted 
their study at an intermediate temperature to our 20 and 25°C treatments (21 ± 0.71°C; 
O’Rourke et al. 2004). Despite similarities in temperature, the ktot values for the 
O’Rourke et al. (2004) study are 1.30 to 5.27-fold lower than our values for the same 
Aroclor congeners measured at 20°C, with a mean difference (± SE) of 2.97 ± 0.33, and 
2.28 to 11.00-fold lower than our corresponding values measured at 25°C, with a mean 
difference of4.71±0.50. The ktot values measured for the Aroclor congeners common to 
both studies were shown by paired t-tests to be significantly different (pO.OOOl, n= \l 
for 20°C; ̂ <0.00001, n= 19 for 25°C).
The klot values for PCB 153 measured in the present study are far more 
comparable to the in situ rate of elimination for [13C]PCB 153 measured by O’Rourke et 
al. (2004). In this study they report a ktot value of 0.027 ± 0.003 d '1 for E. complanata 
caged and deployed on the Canadian side of the Detroit River, downstream the 
Ambassador Bridge. This is the same value measured for PCB 153 at 20°C in the present
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study, and easily falls within our range of ktot values for other congeners of comparable 
hydrophobicity. O’Rourke et al. (2004) suggested differences in their ktot values for PCB 
153 between the lab and the field were possibly induced by in situ alterations in the 
mussels’ feeding behaviour as a function of temperature, oxygen, and/or the quality and 
quantity of food.
When the ktot values were plotted on a logarithmic scale at their respective log Kow 
values for the 14, 20, and 25°C temperature treatments, all three regressions were 
significant with slopes o f-0.39 ± 0.09 (n= 12), -0.14 ± 0.04 («=25), and -0.22 ± 0.04 
(n=26) respectively. A general regression of all ktot values was also significant with a 
slope value o f-0.14 ± 0.03 (n=63). O’Rourke et al. (2004) found that for PCBs in E. 
complanata, ktot increased much faster with increasing log Kow (slope = -0.59 ± 0.05, 
n=34; Fig. 2.3). Even when a few selected outlying ktot values were removed from the 
general regression for the present study (PRC PCB 23 at 20°C, and Aroclor PCBs 177 
and 201 at 25°C) the slope change was very minor, increasing in magnitude by only 0.01. 
The slope of the relationship for non-metabolized PAHs in E. complanata was similar to 
our values (Gewurtz et al. 2002). Gewurtz et al. (2002) ktot values provide slope of-0.18 
± 0.02 («=7) when plotted on a logarithmic scale against log Kow. Our slope values were 
also similar to the relationship Morrison et al. (1995) observed for PCB elimination by D. 
polymorpha (slope = -0.22 ± 0.02; n=35).
Although temperature conditions between this laboratory study, and the 
laboratory depurating mussels of O’Rourke et al. (2004) were comparable, one 
experimental condition that was markedly different was the feeding rate for the mussels 
during the depuration period. O’Rourke et al. (2004) fed the mussels at a rate of 1 g of
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
algae per tank every 15 d, whereas mussels in the present study were fed every three days 
at 1.5-5 g of algae per tank (depending on the estimated mass of mussels in the tank at 
successive time periods throughout the study). It is possible that the frequent feeding 
regime for our study was more comparable to conditions experienced by the in situ 
mussels of O’Rourke et a l (2004). Algal food concentration is known to have a strong 
influence on physiological parameters in bivalves such as water filtration rates, ingestion 
rates, and uptake rate coefficients for hydrophobic organic contaminants (Schulte 1975; 
Sprung and Rose 1988; Fisher et al. 1993; Bjork and Gilek 1996, 1997). Foster-Smith 
(1975) found maximum rates of water filtration for Mytilus edulis to occur after a critical 
particle density was encountered. As the particle concentration was steadily increased, the 
rate of particle ingestion also increased (Foster-Smith 1975). Mussels are capable of 
increasing ingestion rates either by increasing water filtration rates, or by decreasing their 
rate of pseudofaeces production (Gosling 2003). When ingestion rates are increased, 
faecal egestion rates inevitably increase in concert with waste elimination, thus increasing 
the potential for the elimination of PCBs via the faeces. Fisher et al. (1993) found that 
adding Chlorella to aquarium water increased the HCBP ktot values of Dreissena 
polymorpha by a factor of more than 13 compared to D. polymorpha that were not fed. 
The authors hypothesize that the presence of a sorbent in the gut of the mussel augments 
its ability to eliminate HCBP, and the comparison between the higher ktot values of the 
present study and those of O’Rourke et al. (2004) supports the existence of such a 
mechanism.
Alterations in the gut residence time of faeces in the gastrointestinal tract of 
mussels may have also influenced the ktot versus Kow relationship. The reason why
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mussels in the present study were able to achieve such comparably higher rates of 
chemical elimination for more hydrophobic congeners than for less hydrophobic 
congeners may be that the elimination of lower Kow congeners is not as impeded at lower 
rates of faecal egestion. These congeners are more easily lost across the highly resistant 
diffusive barrier between the gills and water than higher Kow congeners. Therefore, the 
overall capacity of the mussels to eliminate high Kow congeners would have been more 
improved by increased feeding and waste production than for lower Kow congeners. For 
PCB elimination in D. polymorpha (Morrison et a l 1995), the ktot versus log Kow slope 
value is likely similar to ours because D. polymorpha are smaller animals, and thus have 
the ability to achieve higher rates of chemical elimination.
The R2 value for the overall regression that included all ktol values in our study 
(R =0.23) was much lower than values reported by other studies employing E. 
complanata and hydrophobic organic contaminants (Gewurtz et al. 2002; O’Rourke et al. 
2004; Thorsen et al. 2004; R2- 0.71, 0.80, and 0.83 respectively). This is likely a 
consequence of the three temperature conditions this relationship contained. The other 
research all attempted to maintain consistent depuration conditions. Our correlations 
improved somewhat when ktot values from the 14 (R2=0.74), 20 (i?2=0.44), and 25°C 
(R2- 0.52) temperature treatments were considered separately.
With the exception of PRC PCB 23 at 20°C, PRC PCB 7 and 23 were lost too 
quickly in this study to measure their elimination. This left only three or four PRC 
congeners to generate linear regression relationships with log Kow for each temperature 
treatment, of which none were statistically significant. However, the linear regression that 
included all PRC PCB ktot values against log Kow was significant and found to not differ
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
significantly from the comparable relationship of Aroclor PCBs ktot values. Thus, 
although small in number, the rates of elimination of PRC PCB congeners in this study 
provide support for their use as surrogates for Aroclors in field toxicokinetic calibrations 
of mussel biomonitors. However, it is recommended that more than five congeners be 
used for future studies involving PRCs, and that sampling dates commence prior to Day 
30 to capture elimination rates for less hydrophobic congeners. At least two tri-, tetra-, 
penta-, and hexachlorinated biphenyls should be selected for greater representation of the 
Aroclor suite. It would also be beneficial to include a heptachlorinated biphenyl with a 
higher log Kow value than PRC PCB 173 so that comparisons may be drawn with the 
omnipresent, highly hydrophobic PCB 180.
The influence of feeding regimes on mussel elimination rate coefficients should 
also be further investigated to better understand differences between laboratory and in 
situ PCB kinetics. Many studies have attempted to quantify the influence of this variable 
on uptake and overall accumulation kinetics in freshwater bivalves (Schulte 1975; Fisher 
et a l 1993; Bjork and Gilek 1997), but few have documented the effect of feeding 
regimes on ktot for a full suite of highly hydrophobic compounds like the PCB groups 
selected for this study, nor for a broad range of food types and quantities.
2 .4 .4 - Conclusions
The results of this study suggest that using PRC PCBs is essential for in situ 
toxicokinetic calibrations of Aroclor PCBs in freshwater mussel biomonitors. However, 
future studies should incorporate a greater number of PRC congeners to ensure 
statistically significant ktot versus log Kow predictive regressions. This study also
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demonstrated that temperature has a weak influence on PCB elimination rates and does 
not adequately explain variability observed for ktot between studies. Ingestion rates, as 
influenced by food quantity and quality, were identified as factors that may partially 
account for this variability.
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CHAPTER 3 -  IN SITU ELIMINATION RATE COEFFICIENTS (ktot) FOR 
BIOMONITORING PCBS IN THE LAKE HURON-LAKE ERIE CORRIDOR 
WITH THE FRESHWATER MUSSEL, ELLIPTIO COMPLANATA
3.1 -  Introduction
Polychlorinated biphenyls (PCBs) were employed for a broad range of industrial 
applications between 1929 and 1976 (Swackhamer 1996). However, several of the 
properties that made them favourable in industry (chemical stability, low reactivity, and 
hydrophobicity), also make them highly persistent in biota and resistant to degradation in 
the natural environment (Vallack et al. 1998). Although PCBs were banned in the late 
1970’s, it is estimated that a very low proportion have been destroyed (Tanabe 1988) and 
that emissions of PCBs from landfills and in-use products will not decrease substantially 
until mid-way through this century (Breivik et al. 2007). They have been extensively 
studied in aquatic ecosystems because of their toxicity, chronic effects, and demonstrated 
ability to biomagnify through food webs (Safe 1984; Rasmussen and Rowan 1990; Safe 
1994; Metcalfe and Haffner 1995). Today PCBs are found in nearly every compartment 
of the natural environment because of their susceptibility to long-range transport: 
(Macdonald et al. 2000).
The St. Clair and Detroit Rivers are heavily industrialized connecting channels for 
Lake Huron, Lake St. Clair, and the western basin of Lake Erie. These two rivers have 
been designated Areas of Concern (AOCs) by the International Joint Commission (1989) 
under the U.S.-Canada Great Lakes Water Quality Agreement as a result of past and 
recently re-evaluated assessments of 14 beneficial use impairments (BUIs) related to
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industrial uses, public and ecosystem health. The continued presence of sport fish 
consumption advisories issued for certain species and size classes in these systems 
remains one of the highest priorities and most publicly recognized BUIs. The majority of 
fish consumption advisories currently issued in the Huron-Erie Corridor are the result of 
PCBs (OMOE 2005), which are bioaccumulated in fish tissue from exposures to 
contaminated water and through their diet (Oliver and Niimi 1988; Rasmussen and 
Rowan 1990; Morrison et al. 1999). Determining the concentration of PCBs in the water 
column is an important parameter to include in fish bioaccumulation models and in risk 
assessments for human exposures related to the consumption of contaminated fish 
(Morrison et al. 2002). The spatial pattern of PCBs and other hydrophobic organic 
compounds in water also provides an indication of potential sources that can aid in source 
identification, and environmental remediation efforts (Kaiser et al. 1985).
Large volume water extractions are the standard method for quantifying 
hydrophobic organic contaminants in water (Kaiser et al. 1985; Froese et al. 1997; 
Anderson et al. 1999; McCrea et al. 2003). This method requires filtering and extracting 
water volumes on the order of 60 to 200 L in order to concentrate trace residues to levels 
that can be quantified by gas chromatography techniques (Froese et al. 1997). However, 
this method can be expensive, and it is difficult to establish replicate measurements at a 
given site owing to time constraints associated with water filtering and sample handling 
times. The short hydraulic retention times (approximately 21 h for the Detroit River, 2-9 
d for Lake St. Clair, and 21 h for the St. Clair River) and frequent flow rate 
changes/interruptions experienced in the connecting channels also calls into question the 
sampling scale over which large-volume water extractions are typically performed
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(UGLCCS 1988). The technique provides a snapshot of water quality at the time of 
measurement, but arguably has less use in establishing contaminant loads or 
understanding long term water contamination trends unless rigorous sampling programs 
are implemented to perform high resolution repeated sampling (Froese et al. 1997).
An alternative approach to measuring spatial patterns of water contamination 
involves the use of mussel biomonitors (Kauss and Hamdy 1985; Muncaster et al. 1989; 
Kauss and Hamdy 1991; Comba et al. 1996; Gewurtz et al. 2003; Richman and Somers 
2005). Mussels possess many desirable qualities as biomonitors, including that they are 
relatively common in the environment, tolerate wide ranges in habitat types, are 
sedentary, exhibit slow growth, can accumulate high levels of many pollutants before 
showing adverse effects, and exhibit a poor ability to biotransform many types of 
contaminants such PCBs (Ravera 2001; Gewurtz et al. 2002). In addition, 
bioaccumulated residues in mussels provide a time-integrated measure of bioavailable 
chemical contamination that is likely to be more representative of the time scales over 
which exposures are experienced by other ecosystem components such as fish. Programs 
such as Mussel Watch (Goldberg et al. 1978; O’Connor 1999) have proved to be valuable 
for deducing large-scale contamination patterns in marine and freshwater systems. In the 
most basic biomonitoring approach, collections of native mussels are performed at sites 
of study and comparisons of tissue-accumulated residues are made between affected and 
reference locations. However, this approach assumes that mussels are in steady state with 
their environment at the time they are sampled and provides no control for exposure 
history or physiological changes that may have occurred during the integrated exposure
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history of the sampled organism (Binelli et al. 2001). It may also be difficult to locate 
sufficient biomass or appropriate species at the sites of interest.
Quantitative biomonitoring attempts to control the above issues by controlling for 
exposure duration, and using bioaccumulation models to interpret tissue-accumulated 
residues (Russell and Gobas 1989; Morrison et al. 1995; Gewurtz et al. 2003). In 
quantitative mussel biomonitoring, calibrated species of mussels are translocated from a 
clean reference site and caged at the site of interest for a fixed period of time. Laboratory- 
determined toxicokinetic parameters for the indicator species are then used to estimate 
steady state concentrations in the animal from the field-accumulated concentrations and 
total exposure duration (Gewurtz et al. 2003). The approach enables steady state 
contaminant concentrations to be established for contaminants that exhibit wide 
differences in physical properties and time needed to reach steady state over a fixed 
deployment period. Steady state tissue residues can subsequently be used to estimate 
bioavailable contaminant concentrations in water or ingested food particles using 
appropriate bioaccumulation factors and/or biomagnification factors for the contaminant 
and species of interest (Morrison et al. 1995; Gewurtz et al. 2003).
The most important toxicokinetic parameter needed for quantitative 
biomonitoring is the whole body elimination rate coefficient (ktot), which is specific to a 
given chemical and biomonitor species. For mussels, the whole body elimination rates of 
hydrophobic organochlorines such as PCBs are determined primarily by losses that occur 
to gills and via faeces, and are thus influenced by filtration and ingestion rates (Morrison 
et al. 1995). Other sources of PCB elimination such as metabolic biotransformation are 
thought to be negligible, as molluscs possess low levels of the microsomal
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monooxygenases responsible for metabolizing hydrophobic organic compounds (Walker 
1987). Typically, ktot is measured for a given contaminant and biomonitor under highly 
controlled laboratory conditions. It is then assumed that laboratory derived ktot values are 
constant and directly applicable to in situ exposures experienced by field-deployed 
biomonitors. However, several environmental factors can influence mussel filtration and 
ingestion rates such as temperature, dissolved oxygen concentrations, food quality and 
food availability (Gossiaux et al. 1996; Bjork and Gilek 1997; Heinonen et al. 1997; 
Hawkins et al. 1998). Changes in such physiological behaviours for biomonitors during 
deployment will alter uptake and elimination dynamics of contaminants. This will 
contribute to errors in extrapolated steady state concentrations estimated through the use 
of laboratory-based toxicokinetic models.
The main objective of this study was to quantity in situ whole body elimination 
rate coefficients (ktot) for selected PCB congeners in the freshwater mussel biomonitor, 
Elliptio complanata, deployed at a number of biomonitoring stations within the Huron- 
Erie corridor. E. complanata is a common, and widely distributed freshwater mussel 
species that is native to the Lower Great Lakes (Curry 1977/78), and has been a popular 
biomonitor of choice in the field (Kauss and Hamdy 1985; Kauss and Hamdy 1991; 
Gewurtz et al. 2003; O’Rourke 2004). This biomonitor species has also been previously 
calibrated through laboratory experiments to determine ktot values for a wide variety of 
hydrophobic organic contaminants including organochlorine pesticides (Russell and 
Gobas 1989), polycyclic aromatic hydrocarbons (PAHs) (Gewurtz et al. 2003; Thorsen et 
al. 2004), PCBs (O’Rourke et al. 2004; Drouillard et al. In Press), and polybrominated 
diphenyl ethers (PBDEs) (Drouillard et al. In Press). The PCBs selected for study
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included five congeners that were rare in commercial Aroclor mixtures (Frame et al.
1996), and not typically found in the natural environment. Mussels were dosed in the 
laboratory with the environmentally rare PCBs, henceforth referred to as performance 
reference compounds (PRC PCBs), followed by deployment in the field to 
simultaneously determine elimination of PRC PCBs and uptake of environmental PCBs. 
Steady state concentrations for accumulating environmental PCBs were estimated using 
the in situ-derived toxicokinetic rate coefficients from the present study, and also using 
laboratory-derived ktot values to identify if the methods generated different predictions.
3.2 -  Methods
The freshwater mussels (Elliptio complanata) obtained for this study were 
collected from Balsam Lake, an inland lake in central Ontario. Balsam Lake has been 
reported to contain very low PCB concentrations, and has been a common source for E. 
complanata used in biomonitoring programs (Kauss and Hamdy 1985; Day et al. 1990; 
Muncaster et al. 1990; Gewurtz et al. 2003; O’Rourke 2004). The mussels used for this 
study ranged from 6.0 to 8.2 cm in length, and were held in an 1893 L carbon-filtered 
tank in the Aquatics Facility of the Great Lakes Institute for Environmental Research 
(GLIER, University of Windsor, ON, Canada) for 45 d before the dosing regimen.
The mussels were predosed with a group of five PRC PCBs (IUPAC #7,23, 61, 
109, and 173). The congeners were chosen to reflect environmentally absent or rare 
compounds that span a range of hydrophobicities (log Kow 5.07-7.02; Hawker and 
Connell 1988) to be used as surrogates for the environmentally ubiquitous Aroclor 
congeners. The performance compound approach was originally developed for use in
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semi-permeable membrane devices (SPMDs) to quantify in situ sampling rates of SPMDs 
(Huckins et al. 2002). For dosing, mussels were held in static aquaria that contained 
dechlorinated City of Windsor water, and they were fed contaminated algae that had been 
spiked with the five PRC PCBs (1:1:1:1:1; Cambridge Isotope Laboratories, Andover, 
MA). The algae was spiked by combining the PCBs and algae in an excess of solvent 
(dichloromethane (DCM), Optima Grade, Fisher Scientific, Ottawa, ON). The solvent 
was permitted to evaporate off under reduced pressure, and the algae was dried in a 
fumehood for approximately 130 h. For every 10 g of algae dosed, 25 mL of DCM was 
used. The spiked algae had a target total PCB concentration of 5 pg g'1 algae weight and 
was fed to the mussels five times over a period of 15 d to provide a feeding rate of 0.28 
g-mussel'M"1.
After the dosing, a sub sample of the mussels (n=8) was removed to determine the initial 
concentration of the PRC PCBs (CmJ(o)), and to verify that the E. complanata used in this 
study contained very low levels of Aroclor PCBs. The remaining mussels were deployed 
in cages to 18 sites along the Lake Huron-Lake Erie Corridor (Fig. 3.1) for 
approximately 90 d between 14 June and 16 September 2005. Data are only described in 
the present study for 11 sites (Fig. 3.1), due to losses of deployments and failure to 
retrieve mussels for seven cages after the first time point of the study. From sites where 
cages were successfully retrieved, five mussels were removed approximately 30, 60, and 
90 d from initial deployment (exact sampling dates are provided in Fig. 3.1). Cages were 
designed to individually house mussels in separate compartments and suspend them 1 m 
above the sediments (Fig. 3.2). At collection, mussels were placed on ice until returning 
to the laboratory, and then stored at -20°C until chemical analysis.
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* * «£------ l . Erie sites were deployed on opposite
sides of Middle Sister Island
Fig. 3.1 Eighteen deployment locations for caged Elliptio complanata in the Huron-Erie 
Corridor. Sites from which concentration data were used for analysis had collection days 
as follows: SCR3 (0, 36, 65, 91), SCR2 (0, 36, 65, 91), LSC5 (0, 35, 64), LSC6 (0, 35, 
64, 91), LSC4 (0, 35, 64, 92), LSC1 (0, 35, 64), LSC2 (0, 35, 64, 92), DR1 (0, 34, 65, 
92), DR2 (0, 34, 65, 92), DR3 (0, 34, 65, 92), and DR6 (0, 34, 70). Asterisks (*) indicate 
sites where cages were lost before the second time point (i.e. Day 64-70).
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Fig. 3.2 A two-dimensional schematic of the mussel biomonitor cage design for 
deployments in the Huron-Erie corridor. Each cage contained 20 compartments (2w X  51 
X 2h), and each compartment was large enough for 1-2 mussels. The buoy, cage, and 
exercise weights were connected by heavy-duty clothesline wire and zip ties. At some 
sites the top wire was connected to a dock or debris instead of a floating buoy.
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3.2.1 -  Chemical Analysis
The five replicate mussels from each site and time point were thawed, shucked, 
and homogenized. Sample extraction and clean up were performed as described by Lazar 
et al. (1992) and instrument analysis was performed as outlined by O’Rourke et al.
(2004). The mussel homogenates were dried with 40 g of anhydrous sodium sulphate 
using a glass mortar and pestle, and were then poured into 60 X 2.5 cm columns that 
contained an additional 10 g sodium sulphate and 50 mL of DCM:hexane (1:1). Each
1 Tcolumn was spiked with an internal surrogate recovery standard of [ C]-labelled PCBs 
([l3C]PCB 37, 52, and 153; 200 ngtotaiPCBs'mL'1; Cambridge Isotope Laboratories, 
Andover, MA), followed by elution with 250 mL of DCM:hexane (1:1). Each flask was 
rotoevaporated to roughly 1 mL, made to 10 mL with hexane. A 1 mL sub sample was 
removed from the extracts to gravimetrically determine the neutral lipid content of each 
mussel (Drouillard et al. 2004). The remaining extracts were rotoevaporated to 
approximately 2 mL, and cleaned up by passing through a 35 X 1 cm column containing 
6 g of activated florisil and a 2 cm cap of sodium sulphate. The florisil column was eluted 
with 50 mL of hexane to recover PCBs and the resultant extracts were rotoevaporated to 
less than 0.5 mL. This extract was made to 1 mL total volume with isooctane, capped, 
and refrigerated prior to chromatographic analysis. Each group of five replicate mussels 
from a site was also run with a method blank to ensure no contamination from glassware 
or chemicals occurred during the extraction. A reference fish homogenate sample was 
also run with each batch to ensure analytical precision of the method.
The chromatographic analysis was conducted using a Hewlett-Packard 5890 gas 
chromatograph (GC) with a 5973 mass selective detector (MSD), and 7673 auto-
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sampler.connected to a dock or fixed debris instead of a floating buoy. The GC unit was 
equipped with a DB-5 column (60 m X 0.25 mm i.d. X 0.10 pm film thickness) and used 
helium as a carrier gas (1 mL-min'1). The injection volume was 2 pL splitless at an 
injection port temperature of 250°C, and the temperature program was as follows: 90°C 
for 3 min, and then a 7°C-min'1 increase until a temperature of 150°C,followed by another 
increase of 3°C-min'1 until a final temperature of 280°C where it was held for 5.1 min.
The GC-MSD was operated in single ion monitoring mode using the ion windows 
described by O’Rourke et al. (2004). The PCBs in each sample were identified by 
retention times and ion ratios of the qualifying ion as referenced against external 
standards. The wet weight concentration of each PCB congener was determined by 
comparing the area under its chromatogram curve, to the area for the relevant congener in 
an external Aroclor or PRC PCB reference standard that were run with each batch sample 
extractions. Each group of samples, method blank, and reference homogenate was also 
run with the [13C] recovery standard that samples were spiked with to determine recovery 
efficiency. Mean percent recovery for the internal surrogate standards was 90.7 ± 1.1% 
(mean ± SE). However, 39 of 171 samples had recoveries that were less than the 70% 
threshold used for quality control. These samples were removed from the data analysis, 
and concentrations for the remaining samples were not recovery corrected. The reference 
tissue homogenates all fell within two standard deviations of the database average.
3.2.2 -  Data Analysis
When using PRC PCBs to measure depuration in the field, the loss of chemical 
over time (t) can be described by:
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(% Cn/dt k t0jC’m (1)
where Cm is the lipid-corrected concentration of PCB in the mussel (pg-g'1 lipid weight). 
Assuming first order elimination kinetics, eq. (1) is integrated to:
In Cm,t(t) ~ In CmJ(o) ~ ktot t (2)
From eq. (2), the ktot value is calculated as the slope of the plot of Cm on a natural log 
scale versus time. The ktot value can be used to estimate the time needed to reach 90% of 
the steady state concentration (t%) according to:
ho ~ -In OA/ktot (3)
A predictive relationship was then established to estimate site-specific in situ klot values 
of PCBs at each deployment station based on physical/chemical properties of PCBs. The 
predictive relationship was derived by performing a linear regression on the logarithm of 
in ri/w-measured ktot values against the n-octanol-water partition coefficients (Kow) 
determined at each deployment station.
For environmental PCBs, which were bioaccumulated at the deployment sites, the 
steady state congener concentration (Cm(ssj) at a given time point is estimated according 
to:
Cm(SS) = Cm(t)/( l-e x p " W ) (4)
where Cm(t) refers to the measured PCB concentration in the biomonitor following 
sampling. For simplicity, Cm(ss) values were only estimated for the animals at the 11 sites 
where collections were made until at least the second time point (Day 64-70). The steady 
state sum PCB value was calculated by summing the steady state concentrations for each 
environmental PCB as determined by eq. (4).
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In eq. (4), the ktot values employed were derived either from laboratory-measured 
values (O’Rourke et al. 2004), or from the site-specific in situ estimation method 
described above. For laboratory ktot values, the equation reported by O’Rourke et al. 
(2004) was used given that the above relationship described Aroclor ktot values for several 
environmentally relevant PCB congeners in E. complanata under constant laboratory 
depuration conditions:
log ktot = -0  .59-log Kow + 2.05 (5)
Aroclor PCB log Kow values used in eq. (5) were obtained from Hawker and Connell 
(1988).
All values in the text are shown as means ± standard error (SE), unless otherwise 
indicated. Linear regression analyses were performed using ORIGIN 7 (Origin Lab 
Corporation, 2002, Northampton, MA). Analysis of variance (ANOVA), and analysis of 
covariance (ANCOYA) were performed using SYSTAT 8.0 (SPSS Inc., 1998, Chicago, 
IL). Statistical tests were considered significantly different when/?<0.05. Data were 
tested for normality using Shapiro-Wilk’s test and log-normalized where necessary 
before analysis.
3.3 -  Results
The mean lipid content of the mussels was 0.45 ± 0.01%, however a linear 
regression of lipid values across all sites over time indicated that overall, lipid content 
decreased over the deployment period (p<0.0001). Among individual sites, five out of 11 
sites (SCR3, LSC2, LSC6, DR2, and DR3) showed a significant decrease in lipid content 
over time (p<0.05). The mean lipid content for mussels on Day 0 was 0.47 ± 0.03%, on
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the first time point (Day 34-36) it was 0.59 ± 0.02%, on the second time point (Day 64- 
70) it was 0.38 ± 0.02%, and the third time point (Day 91-94) it was less than half of the 
initial level at 0.23 ± 0.02%. Tukey’s post hoc test revealed that the Day 0 mean was not 
significantly different from the first, or second time point means (p>0.05). However, Day 
0 was significantly higher than the lipid content at the third time point, and the first, 
second, and third time point means were all significantly different from one another 
(p<0.05). Overall, lipid content ranged from 0.04 to 0.87%. The lipid content values for 
E. complanata in our study fell within the range reported by previous research using this 
species under both laboratory and field conditions (Gewurtz et al 2003; O’Rourke et al. 
2004; Thorsen et a l 2004; Chapter 2 this thesis).
Analysis of Aroclor PCB concentrations in Day 0 mussels confirmed that they 
contained relatively low levels of contamination prior to deployment in the corridor. The 
mean concentration of sum Aroclor PCBs on Day 0 was 0.53 ± 0.10 pg -g'1 lipid weight. 
Table 3.1 presents mean concentration data for all sites at each time point for the 
accumulated Aroclor PCBs (expressed as sums), and for PRC PCB 23, 61,109, and 173 
that the mussels eliminated. By the first time point, sum PCB concentrations (excluding 
PRC PCBs) in individual mussels ranged from 0.20 to 4.75 pg-g’1 lipid weight among the 
different deployment stations. Mussels deployed at most of the sites did not accumulate 
Aroclor PCBs very high above the baseline Day 0 level during the deployment period 
(Table 3.1). ANOVA showed that only LSC1, LSC6, and DR3 experienced significant 
accumulation of Aroclor PCBs by the end of their deployment period (Table 3.1). Day 0 
PRC PCB concentrations after dosing were 16.2 ± 1.7,14.4 ± 0.9,15.4 ± 1.2,19.1 ± 1.7, 
and 5.1 ± 0.5 pg-g"1 lipid weight of congeners 7,23, 61, 109, and 173 respectively.
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Table 3.1 Concentrations (pg-g’1 lipid weight) of accumulating Aroclor PCBs and 
depurating PRC PCBs expressed as means ± standard error for 11 sites in the Huron-Erie 
Corridor during the deployment period.______________________
Day 0 Day 34-36 Day 64-70 Day 91-94
Sum Aroclor PCBs
SCR 2 0.527 ± 0.104 0.305 ± 0.085 0.674 ± 0.446 0.449 ± 0.104
SCR 3 0.527 ± 0.104 0.370 ± 0.223 0.214 ± 0.040 0.315 ± 0.100
LSC 1 0.527 ± 0.104 1.265 ± 0.229 0.895 ± 0.147
LSC 2 0.527 ± 0.104 0.868 ± 0.204 0.604 ± 0.464
LSC 4 0.527 ±0.104 0.587 ± 0.026 0.438
LSC 5 0.527 ±0.104 0.461 ± 0.102 0.366 ± 0.075
LSC 6 0.527 ± 0.104 0.404 ± 0.113 1.763 ± 0,541 3.159± 1.312
DR 1 0.527 ±0.104 0.195 ± 0.033 2.567 ± 2.273 0.295 ± 0.067
DR 2 0.527 ± 0.104 0.369 ± 0.098 0.093 ± 0.043 0.767 ± 0.192
DR 3 0.527 ± 0.104 4.753 ± 0.724 4.569± 0.413 7.793 ± 1.774
DR 6 0.527 ± 0.104 1.287 ± 0.671 0.265
PRC PCB 23
SCR 2 14.405 ± 0.900 0.126 ± 0.054 0.015
SCR 3 14.405 ± 0.900 0.364 ± 0.171
LSC 1 14.405 ± 0.900 0.176 ± 0.138
LSC 2 14.405 ± 0.900 0.058 ± 0.005
LSC 4 14.405 ± 0.900 0.017 ± 0.004
LSC 5 14.405 ± 0.900 0.042 ± 0.026
LSC 6 14.405 ± 0.900
DR 1 14.405 ± 0.900 0.019
DR 2 14.405 ± 0.900 0.008 0.016
DR 3 14.405 ± 0.900 0.142 ± 0.053
DR 6 14.405 ± 0.900 0.297
PRC PCB 61
SCR 2 15.38 ± 1.154 0.817 ± 0.258 0.102± 0.027 0.036 ± 0.007
SCR 3 15.38 ± 1.154 2.288 ± 1.120 0.107± 0.081
LSC 1 15.38 ± 1.154 0.39 ± 0.277 0.022 ± 0.007
LSC 2 15.38 ± 1.154 1.015 ± 0.940 0.090 ± 0.061
LSC 4 15.38 ± 1.154 0.1 ± 0.031 0.010
LSC 5 15.38 ± 1.154 0.502 ± 0.353 0.018
LSC 6 15.38 ± 1.154 0.399 ± 0.357 0.031 ± 0.021 0.028 ± 0.012
DR 1 15.38 ± 1.154 0.113 ± 0.055 0.111 0.028 ± 0.022
DR 2 15.38 ± 1.154 0.083 ± 0.030 0.027 ± 0.008
DR 3 15.38 ± 1.154 0.425 ± 0.165 0.041 ± 0.016 0.039 ± 0.009
DR 6 15.38 ± 1.154 0.766 ± 0.603 0.011
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Day 0 Day 34-36 Day 64-70 Day 91-94
PRC PCB 109
SCR 2 19.063 ± 1.724 2.198 ± 0.572 0.327 ± 0.172 0.075 ± 0.038
SCR 3 19.063 ± 1.724 3.502 ± 1.283 0.282 ± 0.253
LSC 1 19.063 ± 1.724 0.711 ± 0.512 0.089 ± 0.070
LSC 2 19.063 ± 1.724 1.565 ± 1.390 0.038
LSC 4 19.063 ± 1.724 0.316 ± 0.056 0.018
LSC 5 19.063 ± 1.724 1.233 ± 0.351 0.008 ± 0.001
LSC 6 19.063 ± 1.724 0.296 ± 0.092 0.012 ± 0.002 0.043 ± 0.009
DR 1 19.063 ± 1.724 0.201 ± 0.050 0.070 ± 0.059
DR 2 19.063 ± 1.724 0.300 ± 0.104 0.079 ± 0.004
DR 3 19.063 ± 1.724 1.195 ± 0.460 0.174± 0.090 0.084 ± 0.051
DR 6 19.063 ± 1.724 1.817 ± 1.529 0.012±
PRC PCB 173
SCR 2 5.098 ± 0.477 2.438 ± 0.511 1.337 ± 0.439 1.445 ± 0.742
SCR 3 5.098 ± 0.477 3.936± 0.908 1.265 ± 0.530 2.514± 1.384
LSC 1 5.098 ± 0.477 1.012 ± 0.120 0.690 ± 0.358
LSC 2 5.098 ± 0.477 2.192± 1.246 0.262 ± 0.231
LSC 4 5.098 ± 0.477 0.917 ± 0.060 0.206
LSC 5 5.098 ± 0.477 2.752 ± 0.705 0.222 ± 0.056
LSC 6 5.098 ± 0.477 1.403 ± 0.469 0.124± 0.019 0.459 ± 0.112
DR 1 5.098 ±0.477 0.766 ± 0.100 0.376 ± 0.100 0.210± 0.086
DR 2 5.098 ± 0.477 1.249± 0.135 0.792 ± 0.160 0.081
DR 3 5.098 ± 0.477 1.234 ± 0.212 0.663 ± 0.207 0.380 ± 0.161
DR 6 5.098 ± 0.477 2.212 ± 0.544 0.245
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Previous research demonstrated that PRC PCBs were absent from undosed mussels from 
Balsam Lake deployed within the Detroit River (O’Rourke 2004).
3.3.1 -  In Situ ktot Values for PRC PCBs
PRC PCB concentrations in the mussels decreased with time over the depuration 
period at all deployment sites (Table 3.1). Despite being detected in Day 0 samples, PRC 
PCB 7 was rapidly eliminated before the first collection at 30 d and therefore ktot values 
could not be established for this congener. The same trend was observed for PRC PCB 23 
at the LSC 6 location. Fig. 3.3 demonstrates the elimination rates for each PRC congener 
from mussels with time from two selected deployment locations. For each PRC, the data 
presented in Fig. 3.3 represents the fastest and slowest elimination rate observed across 
the deployment stations. A trend line was also added to Fig. 3.3 that reflects the average 
elimination rate observed for the compound as determined across all deployment stations.
Whole body in situ elimination rate coefficients (ktot) for the PRC PCB congeners 
at each of the study sites are shown in Table 3.2. When the variability in ktot was 
investigated for individual congeners among the 11 sites, PRC PCB 23 demonstrated a 
maximum difference of 2.3-fold, PRC PCB 61 had a 1.8-fold difference, PRC PCB 109 
had a 1.7-fold difference, and PRC PCB 173 had a 2.6-fold difference between the sites 
with the highest and lowest ktot values.
As expected, PRC PCB ktot values demonstrated a general decreasing trend with 
increasing chemical Kow. Linear regression equations for ktot versus Kow as derived for 
each deployment site are presented in Table 3.3. Comparing the regression equations 
summarized in Table 3.3, most of the variation in regression coefficients occurred across
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Fig. 3.3 This plot shows depuration for PRC PCB congeners over time. Data are only shown for
the sites that exhibited the fastest (■ and ) and slowest ( a  and ) elimination. The dotted
line ( ) represents the average relationship for all 11 field sites. All of the above regressions
were significant (p<0.05).
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Table 3.2 PCB elimination rate coefficients (ktot) PRC PCB congeners at 11 sites in the
Lake Huron-Lake Erie Corridor for Elliptio complanata.
CjfA PRC PCB 23 PRC PCB 61Ollv
d '1) p V r f k,0,( d-') P t90 Ra r f
SCR 2 0.119± 0.007 19.4 0.96 12 0.071 ± 0.005
*
32.5 0.91 20
SCR 3 0.117± 0.014 19.7 0.88 11 0.081 ± 0.012
*
26.6 0.78 15
LSC 1 0.157 ± 0.017 14.7 0.90 12 0.108 ± 0.008
*
21.3 0.92 18
LSC 2 0.086 ± 0.002 26.8 1.00 10 0.064 ± 0.009
*
36.1 0.82 14
LSC 4 0.189± 0.006 12.2 0.99 13 0.100± 0.010
*
23.1 0.86 17
LSC 5 0.173 ± 0.009 13.3 0.98 10 0.114 ± 0.012
*
20.2 0.89 14
LSC 6 0.081 ± 0.011 * 28.5 0.76 19
DR 1 0.195 ± 0.005 11.8 0.99 9 0.080 ± 0.012
*
28.6 0.75 16
DR 2 0.126± 0.017 18.3 0.85 11 0.108 ± 0.009
*
21.3 0.90 16
DR 3 0.140± 0.007 16.5 0.98 11 0.072 ± 0.007
*
32.1 0.85 21
DR 6 0.110± 0.009 21.0 0.94 12 0.106± 0.010
*
21.7 0.90 15
PRC PCB 109 PRC PCB 173
p t90 r f k ,o , (  d '1) P t90*
R 2b
r f
SCR 2 0.069 ± 0.006
***
33.3 0.88 21 0.020 ± 0.004
* + *
114.7 0.56 23
SCR 3 0.087 ± 0.011
***
24.9 0.80 18 0.018 ± 0.006 * 95.0 0.54 20
LSC 1 0.101 ± 0.009
**»
22.9 0.89 18 0.039 ± 0.005
**«
59.5 0.77 18
LSC 2 0.068 ± 0.011
***
34.0 0.79 13 0.037 ± 0.008
**
62.3 0.61 16
LSC 4 0.088 ± 0.007
***
26.2 0.92 17 0.038 ± 0.003 60.7 0.89 17
LSC 5 0.113 ± 0.008
**«
20.3 0.93 16 0.048 ± 0.006
*«*
48.4 0.79 18
LSC 6 0.081 ± 0.009
***
28.5 0.83 19 0.035 ± 0.005
***
65.8 0.69 21
DR 1 0.107 ± 0.010
**•
21.5 0.91 15 0.039 ± 0.004
***
58.8 0.84 21
DR 2 0.093 ± 0.009
***
24.9 0.87 17 0.035 ± 0.004
***
65.0 0.86 18
DR 3 0.068 ± 0.007
***
34.0 0.84 21 0.033 ± 0.004
***
69.3 0.76 22
DR 6 0.100± 0.009
***
23.0 0.90 15 0.035 ± 0.005
***
65.2 0.78 15
Note: *** p<0.001 * *5 p <  0.01, * p <  0.05
a time (days) required for mussels to reach 90% steady state (-In 0.1 lktoi) 
b coefficient of determination for linear regression analysis 
c number of samples with concentration values above the detection limit
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Table 3.3 Summary of in situ-derived site-specific linear regressions for the ktot versus 
Kow relationship. Actual regressions were rarely significant, so the equations derived from 




Actual regression equation R2o nb P
Regression equation used to 
estimate
SCR 2 91 log kt„t = (-0.49 ± 0.14)log Kow + (1.86 ± 0.85) 0.87 4 0.068 log ho, = -0.39-log Kow + 1.24
SCR 3 91 log k,0, = (-0.51 ± 0.20)log Kow + (2.02 ± 1.29) 0.76 4 0.128 log ho, = -0.39-log Kow + 1 -27
LSC 1 64 log ho, = (-0.39 ± 0.10)log Kow + (l .42 ± 0.64) 0.88 4 0.060 log k,o, = -0.39-log Kow + 1.43
LSC 2 92 log ho, = (-0.23 ± 0.07)log K,m + (0.22 ± 0.46) 0.83 4 0.088 log hot = -0.39-log Kow + 1.26
LSC 4 92 log k,o, = (-0.45 ± 0.07)log Kow + (1.79 ± 0.46) 0.95 4 0.025 log k,0, = -0.39-log Kow + 1 -42
LSC 5 64 log k,o, = (-0.36 ± 0.09)log Kow + (1.25 ± 0.59) 0.88 4 0.063 log k,0, = -0.39-log Kow+ 1.48
LSC 6 91 log ho, = (-0.38 ± 0.19)log K0„ + (1.28 ± 1.25) 0.80 3 0.296 log k,o, =  -0.39-log Kow + 1 35
DR 1 92 log k,0, = (-0.42 ± 0.15)log KoW + (1.57 ± 0.94) 0.79 4 0.109 log ho, = -0.39-log Kow + 1.43
DR 2 92 log k,0, = (-0.36 ± 0.12)log Kow + (1.20 ± 0.73) 0.83 4 0.089 log k,o, = -0.39-log Kow +1.39
DR 3 92 log k,0, = (-0.40 ± 0.07)log Kow + (1.34 ± 0.46) 0.94 4 0.032 log ho, -  -0.39-log Kow +1.31
DR 6 70 log k,o, = (-0.32 ± 0.15)log Kow + (0.92 ± 0.94) 0.70 4 0.163 log ho, = -0.39-log Kow + L38
a coefficient of determination for linear regression analyses 
b number of significant ktot values (p<0.05) included in the regression
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the fitted intercepts rather than the slopes. Across the sites, the slopes varied by a factor 
of 2.25 whereas the intercepts varied by a factor of 9.25. Owing to the small number of 
PRC PCB congeners for which in situ ktot values were measured (n=4), only two sites 
(LSC4 and DR3) exhibited a significant linear regression relationship between log ktot 
and log Kow. Combining the data across sites, the general relationship describing PRC 
PCB in situ ktot values as a function of log Kow was determined as follows: 
log km = (-0.39 ± 0.04)log Kow + (1.36 ± 0.24);
R2 = 0.73, «=43,/?<0.0001 (6)
Fig. 3.4 summarizes ktot values for each PRC PCB from the various stations plotted as a 
function of chemical Kow.
The lack of statistical power necessary to generate site-specific ktot versus Kow 
regressions for each deployment locations necessitated a different calculation procedure 
to estimate site-specific Aroclor PCB in situ ktot values. The procedure used was as 
follows. For each site the slope was fixed at -0.39 as characterized by the across-site 
relationship presented in eq. (6). In theory, differences in mussel filtration activity that 
occur across sites should influence the magnitude of the constant to a greater extent than 
the slope of the ktot versus Kow provided that each of the PRC PCBs is eliminated by the 
same diffusive mechanism (Gobas and Mackay 1987; Walker 1990; Gewurtz et al. 2002). 
This was supported by the site-specific regression data, which showed intercepts to be 
over four times more variable than slopes as described above. An intercept value was 
then solved for each ktot value measured at a given deployment site using the -0.39 slope 
described above. The average intercept across the four congeners was then established as 
the intercept, which was combined with the general slope value to generate a site-specific
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Fig. 3.4 In situ elimination rate coefficients (klol) obtained for PRC PCB 23, 61,109, and 
173 from E. complanata at 11 sites in the Huron-Erie corridor. The ktot values are plotted 
against their log Kow values (R =0.74, «=43,/?<0.0001), and error bars represent standard 
error.
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predictive equation for ktot. The site-specific ktot versus Kow equations generated according 
to this procedure are summarized in Table 3.3.
3.3.2 -  Comparison of In Situ- and Laboratory-Modelled Cm(ss)
Fig. 3.5 compares Cm(SS) of sum PCBs at each field site as estimated based on 
samples collected after Day 91 to 94 of deployment. However, estimates for LSC1, LSC5 
and DR6 were derived using Day 64, 64, and 70 accumulated concentrations 
respectively. The cage deployed to LSC5 was lost prior to the third time point, and the 
values for DR6 samples collected on Day 94 had to be excluded because the internal 
standard recovery efficiencies were less than 70%. Fig. 3.5 also presents Cm(ss) data for 
selected congeners (31/28, 52,110, 138, and 180) which span a log Kow range of 5.67 to 
7.36. The steady state PCB concentration estimates calculated using in situ ktot values 
were always lower than concentration estimates based on laboratory ktot values. For sum 
PCBs, there was a 1.36 to 1.97-fold difference in the estimations, with a mean difference 
of 1.65 ± 0.05-fold. For individual congeners the difference between Cm(ss) values 
predicted by the two models increased with log Kow whether bioaccumulation data from 
the first, second, or third time point were used (Fig. 3.6). Fig. 3.6 also demonstrated that 
longer deployment periods minimize the differences in Cm(ss) predictions between the 
models. The ratios between model estimates when data from the second and third time 
point (Day 91-94) were used was approximately 1:1 for congeners of log Kow less than 6, 
but these ratios increased exponentially with log Kow values greater than 6. When data 
from the first time point were used, the laboratory-derived Cm(ss) values were always 
greater than the in s/Yw-derived values.
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Fig. 3.5 The steady state PCB concentration estimates (jag-g lipid weight) for E. complanata 
biomonitors deployed to 11 sites along the Huron-Erie corridor. Black bars denote concentrations 
that were estimated using the in situ ktot vs. log Kow relationship derived in this study. White bars 
denote steady state concentrations from the same mussels, but estimated using the laboratory ktot 
vs. log Kow relationship derived by O’Rourke et al. (2004). Values shown are means (± SE), and 
where no error bars are shown, n= 1. The sums of all accumulated Aroclor PCBs are shown in (a), 
and (b)-(f) present steady state estimates for five select individual congeners.
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Fig. 3.6 The ratios of laboratory- to in .s'/Yw-predicted mean Cm(ss) plotted against the log Kow 
values for individual PCB congeners. This relationship is based on bioaccumulation data from 
the first (Day 3 l-34), second (Day 64-70), and third (Day 91-94) time points to show the effect 
of deployment length on this estimation disparity. The dashed line represents where laboratory 
and in situ-predicted mean Cm(ss) values were not different. Error bars shown represent standard 
error.
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Although the two models consistently predicted different absolute PCB 
concentrations, they provided similar overall pictures of relative spatial variability for 
PCBs in the Huron-Erie corridor. Cm(ss) for sum PCBs at the field sites were ranked in the 
same order of increasing contamination by both models (Fig. 3.5). For individual 
congeners, the site rankings were the same for PCB 31/28, 52, and 110. Minor 
discrepancies existed between the rankings for PCB 138 and 180 for sites that had very 
similar concentrations. DR 3 was the most contaminated site for all congeners, followed 
by LSC 6 with in szYw-modelled sum PCB Cm(ss) predictions of 8.11 and 3.23 pg-g’1 lipid 
weight respectively. All other sites accumulated low levels (i.e. less than 1 pg-g'1 lipid 
weight for sum PCBs) relative to the mean initial sum PCB concentration of 0.53 ±0.10 
pg-g'1 lipid weight.
3.4 -  Discussion
When PRC PCB ktol values were plotted on a logarithmic scale at their respective 
log Kow values, the slope of the graph (-0.39 ± 0.04) was very similar to the slope that 
O’Rourke (2004) found for PRC PCBs in the laboratory (-0.44 ± 0.10), and at 
Amherstburg (-0.45 ± 0.06) and Trenton Channels (-0.37 ± 0.13) along the Detroit 
River. This consistency occurred in spite of the fact that regressions by O’Rourke (2004) 
had only four data points for each relationship, and our in situ general relationship had 43 
points, but among the same four congeners. ANCOVA revealed that none of the four 
slopes differed significantly from one another (p=0.14). The slope for the ktot versus log 
Kow laboratory relationship for Aroclor PCB congeners (O’Rourke et al. 2004) was higher 
(-0.59 ± 0.05) than our in situ PRC PCB slope. ANCOVA showed this difference to be 
significant (p<0.001), however the disparity can be more likely attributed to the greater
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number of congeners included by O’Rourke et a l (2004), as opposed to a different 
relationship between ktot and log Kow for the two groups of PCBs.
Consistency among slope values was expected because non-metabolized organic 
contaminants are known to be lost by passive diffusive mechanisms (Gobas and Mackay 
1987; Walker 1990; Gewurtz et a l 2002). Therefore, the ability of a mussel to eliminate 
PCBs is dependent on the water solubility of each congener. As our research confirmed, 
less hydrophobic congeners were lost relatively quickly. More hydrophobic congeners 
exhibited proportionally slower rates of elimination. The magnitude of the constants (and 
thus vertical movement of the regression line) was more variable because in situ rates of 
elimination can be enhanced or suppressed by behavioural responses in the mussels to a 
variety of environmental factors.
It is recommended that future studies employ a larger number of PRC congeners, 
including at least two di-, tri-, tetra-, penta-, hexa-, and heptachlorinated biphenyl 
congeners for broader representation of the Aroclor suite, and more statistically rigorous 
site-specific ktot versus log Kow regressions. This would hopefully prevent the need for 
modelling surrogate site-specific regressions based on fixing the slope value from the 
general relationship, and averaging intercept values from only four congeners, as was 
necessitated by this study. Additionally, this research demonstrated the need for sampling 
in advance of Day 30 if in situ km values for PRC PCB 7 are to be measured. O’ Rourke 
(2004) also found that this congener was eliminated too rapidly to quantity its klot value in 
the field. Future research might also consider selecting PRC PCB congeners of similar 
hydrophobicity to Aroclor congeners of interest, for their bioaccumulative or toxic 
potential.
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Despite the similarity of slopes, in situ ktot values measured in this study were 
generally higher than those previously measured in the laboratory for PRC PCBs 
(O’Rourke 2004; Drouillard et al. In Press), as well as Aroclor PCBs of comparable 
hydrophobicity (O’Rourke et al. 2004). Table 3.4 presents the laboratory ktot values for 
PRC PCBs from O’Rourke (2004), Drouillard et al. (In Press), and Chapter 2 of this 
thesis, as well as average in situ values from the present study. The laboratory elimination 
values measured by O’Rourke (2004) were consistently below the range of our in situ ktot 
values. Our average in situ ktot values for PRC PCB 23, 61, 109, and 173 were 2.4, 2.8, 
2.7, and 2.9-fold higher than laboratory values for these congeners measured by 
O’Rourke (2004). A paired Mest indicated that these differences were significant 
(p=0.04). The laboratory ktot values measured by Drouillard et al. (In Press) for PRC PCB 
23, 61, 109, and 173 were 3.4,2.8, 3.4, and 5.7-fold lower than our average in situ values, 
and fell below the range of variability experienced by our biomonitors in the field. A 
paired Mest indicated these values were significantly lower than those measured for the 
PRC PCBs in the present study (p=0.02). PRC PCB k,ot values measured for Chapter 2 in 
the laboratory at 14,20, and 25°C were 1.55 to 3.76-fold lower than average values for 
the present study, with less difference at warmer temperatures. The difference between 
values also decreased with increasing log Kow as the regression of the ktot versus log Kow 
plot had a smaller slope (-0.20) than that of the present study (-0.39).
O’Rourke et al. (2004) measured ktot values for 41 Aroclor PCB congeners in the 
laboratory. Comparing elimination rate coefficients for Aroclor congeners of similar 
hydrophobicity to the PRC PCB congeners used in this study also showed that laboratory- 
derived ktot values were consistently lower than in situ values. There was a 2.0-fold 
difference between PCB 22 (log Kow- 5.58; ktot=0.Ql\ ± 0.011 d'1) and the mean value for
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Table 3.4 Summary of previously measured laboratory and mean in situ ktot values (d'1) 
from the present study for PRC PCB 23, 61, 109, and 173. Values are shown ± SE.
Study Conditions 23 61 109 173
This study 16-28°C, 
in situ
0.141 ±0.011 0.089 ± 0.005 0.089 ± 0.005 0.034 ± 0.003
O’Rourke (2004) 21.3°C,
laboratory 0.060 ±0.011
0.032 ± 0.005 0.033 ± 0.004 0.012 ±0.002




0.042 ±0.013 0.032 ± 0.006 0.026 ± 0.004 0.006 ± 0.003
Chapter 2 14°C,
laboratory
ND 0.038 ± 0.008 0.035 ± 0.007 0.019 ±0.008
Chapter 2 20°C,
laboratory
0.038 ± 0.009 0.046 ± 0.007 0.046 ± 0.007 0.022 ± 0.005
Chapter 2 25°C,
laboratory
ND 0.047 ±0.011 0.046 ± 0.007 0.022 ± 0.005
ND = a ktot value for this congener could not be measured as it was eliminated before the 
first time point
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PRC PCB 23 (log Kow=5.57; ktot=0.\4\ ± 0.012 d '1). There was also a 2.0-fold difference 
between PCB 64/41 (log Kow=5.95; ktot=0.044 ± 0.008 d '1) and the mean value for PRC 
PCB 61 (log Kow=6.04; ktot=0.089 ± 0.005 d '1). The mean in situ value for PRC PCB 109 
(log K0Vr6A%\ ktot=0.089 ± 0.005 d '1) was 4.0 and 11.1-fold higher than PCB 99 (log 
Kow=6.39; ktot=0.022 ± 0.003 d'1), and PCB 134 (log Kow=6.55; ^= 0 .008  ± 0.003 d’1). 
Lastly, the mean in situ value for PRC PCB 173 (log Kow=7.02; klo,=0.034 ± 0.003 d '1) 
was 3.8 and 6.9-fold higher than PCB 153/132 (log Kow=6.92; ktol=0.009 ± 0.003 d '1), and 
PCB 177 (log Kovr 7.08; &(or=0.005 ± 0.002 d '1). Although within the O’Rourke et al. 
(2004) laboratory study a substantial amount of variability was observed for congeners of 
similar hydrophobicity, the in situ kt0, values for the present study were generally several 
times higher than even the highest ktot values of similar log Kow congeners measured by 
O’Rourke et a l (2004).
Using a similar design as the present study, O’Rourke (2004) investigated in situ 
elimination kinetics for PRC PCBs in E. complanata in the Amherstburg and Trenton 
Channels of the Detroit River, and simultaneously in the laboratory with flow-through 
aquaria that received Detroit River water at the same temperature. The Amherstburg 
Channel site had lower ktot values than the Trenton Channel site for three out of four PRC 
PCB congeners. Three Amherstburg Channel values (ktot=0.048 ± 0.005, 0.033 ± 0.005, 
and 0.009 ± 0.004 d '1 for PRC PCB 61,109, and 173 respectively) were significantly 
slower (paired /-test; p=0.007) and below the range of kt0, values for the 11 sites 
measured in the present study. The PRC PCB 23 ktot value (0.099 ± 0.007 d"1) for 
Amherstburg Channel fell within the lower end of our range for this congener. The 
Trenton Channel ktot values were generally higher than the Amherstburg Channel values
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and fell within our ktot range for all four congeners (^o/=0.084 ± 0.007, 0.095 ± 0.008, 
0.038 ± 0.003, and 0.029 ± 0.003 d '1 for PRC PCB 23, 61,109, and 173 respectively). A 
paired Mest indicated that the Trenton Channel ktot values were not significantly different 
than our mean in situ ktot values (p=0.19). Although the present research measured ktot 
values at 10 to 11 sites, the difference between the highest and lowest value for a 
congener was similar to that found by O’Rourke’s (2004) in situ values. The present 
research showed a 2.3, 1.8,1.7, and 2.6-fold difference between the highest and lowest 
ktot values for PRC PCB 23, 61, 109, and 173 respectively. O’Rourke (2004) found a 1.2, 
2.0, 1.2, and 3.2-fold difference between the Amherstburg and Trenton Channel ktot 
values for those congeners. This suggests that the level of variability described by these 
studies may be characteristic of natural in situ variability among field sites of varying 
physical, chemical, and biological conditions.
Temperature has been cited as an environmental parameter that can exert 
considerable variation in filtration and ingestion rates, and has been shown to increase 
bivalve toxicokinetics under warmer conditions (Fisher et al. 1993; Gossiaux et al. 1996). 
In the present study, a broad range of temperatures were observed both within a particular 
site during the three month depuration period, as well as among sites at any particular 
time during the deployment. Daily temperature data were obtained from municipal water 
treatment plants in Sarnia, Tecumseh, Windsor, and Amherstburg, ON, as well as New 
Baltimore, MI. Data were also obtained from Environment Canada monitoring buoy 
#45147 in the centre of Lake St. Clair. These data collection sites were within close 
proximity to six out of 11 of the sites for which ktot values were calculated. Within these 
six individual sites, there was a 4 to 11°C difference in temperature during the three-
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month deployment period. Across sites at any particular time during the deployment there 
was a 3 to 9°C difference in observed temperature. The greatest difference in temperature 
among sites occurred at the beginning of the study (June), and this inter-site variation 
decreased during the deployment period. There was consistency during the deployment 
period in temperature rank (i.e. the warmest site at Day 0 stayed the warmest, and the 
coldest site at Day 0 stayed the coldest throughout the study). If temperature was driving 
the variability in klot that was observed among the sites, we would have expected to have 
observed the consistently cold sites to have correspondingly slower ktot values and the 
consistently warmer sites to have correspondingly faster ktot values. This was not the case, 
and no relationship between the temperature patterns and PCB elimination could be 
identified. Furthermore, the degree of variability in ktot observed among in situ sites in 
this study (2.3, 1.8, 1.7, and 2.6-fold for PRC PCB 23, 61, 109 and 173) was greater than 
could have been explained by the temperature-induced variability investigated in Chapter 
2. Under temperature treatments that differed by up to 11°C (14, 20, and 25°C), a similar 
range to the spatial and temporal differences of the present study, the variability observed 
between the lowest and highest km value for PRC PCB 61, 109, and 173 was lower at 1.2,
1.3, and 1.2-fold respectively. Also, O’Rourke (2004) described 1.2 to 3.2-fold in situ 
variability for the PRC PCB congeners even though temperature and dissolved oxygen 
data between the two sites were very similar.
An alternative hypothesis that may explain the observed site to site and laboratory 
versus in situ differences in ktot values for PCBs involves characteristics of food particles 
available at different locations and used in different laboratory environments (Fisher et al. 
1993; Hawkins et al 1998). Laboratory mussels were occasionally fed conservative
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amounts of dried algae powder (O’Rourke et al. 2004), and a dried algae power/dissolved 
bakers yeast mixture (O’Rourke 2004). If E. complanata in the field experienced a more 
optimum foraging environment, they would probably have increased ingestion rates in 
response to such conditions, and consequently had faster elimination of PCBs (Fisher et 
al 1993).
With respect to food quantity, ingestion rates have been shown to increase with 
increasing particle concentration up to a maximum species-specific ingestion capacity 
(Sprung and Rose 1988; Bayne et al. 1989; Hawkins et al. 1998). When the rate of 
ingestion is increased, an increase in the faecal egestion rate is inevitable, thus 
augmenting the mussels’ potential for faecal elimination of PCBs. Fisher et al. (1993) 
hypothesized the presence of a sorbent in the gut to be what enabled Dreissena 
polymorpha that were fed to experience 13-fold higher ktot values for PCB 153 than 
mussels that were not fed. A number of food quality factors have also been shown to be 
have a significant influence on bivalve ingestion rates. Madon et al. (1998) found that 
ingestion rates for D. polymorpha were higher when seston composition increased in 
organic matter, relative to the inorganic sediments in the filtered material, and Ward et al. 
(1992) demonstrated that metabolites released by a particular diatom species 
(Chaetoceros muelleri) stimulated higher ingestion rates in the sea scallop, Plactopecten 
magellanicus. Defossez and Hawkins (1997) found three bivalve species to demonstrate 
higher ingestion rates for particles of a particular size, observing higher rejection rates 
(i.e. pseudofaeces production rates) for particles of greater diameter. Lastly, Ackerman 
(1999) found that increasing the flow rate of the ambient water yielded a corresponding 
significant increase in feeding for D. polymorpha. Under natural conditions, the potential
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variability in food composition, abundance, and/or foraging environment that can be 
encountered might be contributing to the differences in PCB elimination among field 
sites, and between laboratory and in situ bivalve toxicokinetics.
3.4.1 -  In situ- and laboratory-modelled Cm(SS) predictions are different
This research demonstrated that Cm(ss) predicted using in situ and laboratory- 
modelled ktot values can be different from one another, and that this disparity is variable 
across congeners and deployment periods of different lengths as indicated by the analysis 
of Fig. 3.6. Laboratory-modelled Cm(ss) values were more consistent with in s/Yu-modelled 
Cm(ss) values for less hydrophobic congeners, because these chemicals approached steady 
state by the end of the deployment period. The estimation errors were noticeably lower 
when Cm(ss) was calculated based on bioaccumulation data from a full three month 
deployment, as opposed to one or two months because measurements of Cm at later time 
points necessitates a smaller extrapolation based on concentration data closer to the 
steady state value. O’Rourke (2004) used sensitivity analysis and found that the steady 
state correction factor was lower for 60 to 90 d deployments as compared with 30 d and 
recommended the former for biomonitoring studies using E. complanata to track PCBs. 
The findings of our research also suggest that steady state estimation errors can be 
minimized with a 90 d deployment. The inability of laboratory-modelled kinetics to 
accurately predict Cm(SSh especially for high Kow compounds, indicates that in situ 
calibration of chemical elimination rates should be conducted to track bioavailable 
contaminant gradients and generate input data for sport fish bioaccumulation models.
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.4.2 -  PCB contamination in the Lake Huron-Lake Erie Corridor
Of four cages deployed to the St. Clair River, two were lost from the downstream 
sites. Mussels at the upstream sites near the inflow of Lake Huron (SCR2), and near Stag 
Island (SCR3) demonstrated low PCB accumulation during the study period. This was 
expected for SCR2 because water entering the river from Lake Huron has been 
documented to have relatively low contamination (McCrea et al. 2003). Based on its 
location to over 20 known industrial point sources on the eastern side of the river between 
Sarnia and Corunna, ON (Kauss and Hamdy 1985; UGLCCS 1988), SCR3 was expected 
to have elevated levels of PCBs relative to SCR2, however the PCB accumulation at 
these two sites was similar. Mussels at SCR3 near Stag Island were deployed in the 
centre of the river in deep water from a rock piling. It is possible that being suspended 
high in the water kept the mussels out of contact with contaminated sediments, and 
limited their PCB accumulation. Furthermore, plumes of water have been noted to hug 
the shoreline for considerable distances in the St. Clair River (Kauss and Hamdy 1985), 
which may have resulted in the centre of the channel being more isolated from 
contaminated plumes.
With the exception of LSC6, mussels deployed to sites in Lake St. Clair 
demonstrated very low levels of PCB contamination in this study. LSC6 mussels were 
deployed at Mitchell’s Bay, on the Canadian side of Lake St. Clair at the downstream 
reaches of Chenal Ecarte, part of the St. Clair River delta. Sediment surveys in this area 
have also revealed high levels of PCB contamination in this region (Szalinska et al.
2006), a consequence of heavy historical PCB loadings from the petrochemical industry 
along the Canadian side of St. Clair River shoreline (Kauss and Hamdy 1985; UGLCCS
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1988). Large volume water sampling (McCrea et al. 2003) revealed the downstream 
reaches of the St. Clair River to have total PCB concentrations nearly double of 
measurements taken near SCR2 at the top of the river. This suggests that the sources of 
contamination to LSC6 mussels originated in the St. Clair River.
This quantitative mussel biomonitoring project indicated that DR3, on the 
American side of the Detroit River under the Ambassador Bridge, was the most 
contaminated of all the sites in the Huron-Erie corridor. DR3 was often an order of 
magnitude higher than other sites both for sum PCBs and individual congeners. Several 
other mussel biomonitoring studies conducted in the Detroit River have also detected 
elevated levels of PCBs along the American shoreline (Hamdy and Post 1985; Kauss and 
Hamdy 1985; Gewurtz et al. 2003; O’Rourke 2004), and especially at this Ambassador 
Bridge location (Metcalfe et al. 1997; Gewurtz et al.2003; O’Rourke 2004). O’Rourke 
(2004) found mussels deployed at the upstream reaches of the Detroit River (as 
representative of water entering from Lake St. Clair) to have very low PCB 
concentrations. In addition, McCrea et al. (2003) found large volume water samples to 
contain relatively low levels of total PCBs at this location, relative to samples they 
obtained downstream in the Trenton Channel, where levels of total PCBs on the 
American side were 28.7-fold higher. The accumulation by mussels in the present survey 
indicates that sources of PCBs along the American side of the Detroit River still exist, in 
spite of the binational ban that has been in place since the 1970’s. A possible source of 
PCBs at DR3 is leaching from a near-shore disposal site. Gewurtz et al. (2003) suggested 
this process as an active source for less hydrophobic PCB congeners in the Trenton 
Channel at their Detroit Edison Generating site. It was proposed that more water soluble
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PCBs would partition into run-off water from landfill sites to the Detroit River, and that 
this would have accounted for the enrichment of less hydrophobic congeners observed 
(Gewurtz et al. 2003). Our DR3 measurements also demonstrated high levels of the more 
hydrophobic PCB congeners. The resuspension of previously contaminated sediments at 
this location is another probable contributor for PCBs in the mussel tissue (Marvin et al. 
2002), as it is in close proximity to a former sediment remediation site.
3.4.3 -  Conclusions
The consistency of the results of the present study, with previous mussel 
biomonitoring surveys and large volume water sampling programs confirms the use of E. 
complanata as an effective surrogate measure of hydrophobic organic contaminants. The 
spatial resolution of our study was unfortunately less intensive than designed due to 
losses of nearly half the cages before the second time point. Future surveys should take 
this risk into account by deploying more than are necessitated for analysis. Furthermore, 
in situ calibration of PCB toxicokinetics demonstrated that laboratory-derived 
relationships for ktot that are used to extrapolate steady state concentrations of 
environmental pollutants are not necessarily valid and in this case overestimated Cm(ssj. 
Despite this bias, relative spatial patterns of contamination remained similar wither Cm(ss) 
was characterized using in situ or laboratory ktot values. Future studies should employ 
reference compounds to measure in situ rates of elimination, and should consider using at 
least twice as many congeners from a broad Kow range.
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CHAPTER 4 -  GENERAL CONCLUSIONS
The purpose of this thesis was to investigate the sources and degree of variability 
in polychlorinated biphenyl (PCB) elimination rate coefficients (ktot) for a common 
freshwater mussel biomonitor species, Elliptio complanata. It is important to better 
understand this toxicokinetic parameter as it is used by environmental managers to 
estimate steady state concentrations of organic contaminants in mussel tissue, a surrogate 
measure of what is bioavailable in the water to aquatic organisms. Specific hypotheses 
and results for each chapter are summarized below, and this chapter also discusses the 
general implications of this thesis, and suggested areas of future research.
4.1 -  Chapter 2
Chapter 2 investigated temperature as one particular source of variability for klol values. 
This study was conducted at three water temperatures in the laboratory (14, 20, aind 25°C) 
for common Aroclor PCB congeners, and performance reference compound (PRC) PCB 
congeners that were not included in industrial mixtures. PRC PCBs were tested to 
establish whether the potential use of their kinetics as in situ surrogates of Aroclor 
congener is appropriate. The specific hypotheses tested were:
2.1) The ktot values for individual PCB congeners will increase with temperature (i.e. 
the value for a congener will be higher at 25 than at 20°C, and higher at 20 than at 
14°C).
2.2) The relationship between ktot and log Kow (as measured by their slope when ktot is 
plotted on a logarithmic scale) for the different temperature treatments will not 
differ significantly from one another.
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2.3) The relationship of ktol versus log Kow (as measured by their slope when ktot is 
plotted on a logarithmic scale) for PRC and Aroclor congeners will not differ 
significantly from one another.
Hypothesis 2.1 was accepted for 26 out of 30 PCB congeners: As shown in Table
2.3, kt0t values generally increased between 14, 20, and 25°C, and where there were 
exceptions (PCB 31/28, 44, 173, and 179) the ktot values were very similar to one another. 
However, ANCOVA revealed this difference to be weak relative to individual variability 
in mussel toxicokinetics. A significant difference between the lowest and highest ktot 
value of the treatments existed for only eight PCB congeners.
Hypothesis 2.2 was rejected: ANCOYA revealed that the slopes of the 
relationships between ktot and log Kow for the 14, 20, and 25°C treatments differed 
significantly from one another. The slope of the 14°C treatment was steeper (-0.39) than 
the slopes of the 20 and 25°C treatments (-0.14 and -0.22 respectively).
Hypothesis 2.3 was accepted: Grouped k,ot values for PRC PCBs at each 
temperature treatment and grouped ktot values for Aroclor PCBs demonstrated the same 
decreasing trend with increasing log Kow value (i.e. slower elimination for more 
hydrophobic congeners). ANCOVA revealed that the difference in the slopes of the ktot 
versus log Kow regression relationships were not significantly different (p=0.49). 
Furthermore, by examining Fig. 2.3, a graph of all ktot values versus log Kow, it was 
obvious that ktot values for the PRC PCB congeners easily fell within the range of 
variability exhibited by the Aroclor PCB congeners of comparable hydrophobicity.
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4.2 -  Chapter 3
The study in Chapter 3 analysed the degree of variability in ktot values exhibited 
by mussels deployed to 11 sites in the Lake Huron-Lake Erie Corridor. These site- 
specific in situ ktot values were used to model steady state concentrations (Cm(ssj) for 
accumulating Aroclor PCB congeners. Cm(ss) data were also derived using the more 
traditional approach of laboratory-measured ktot values, and these two data sets were 
compared to identify estimation differences for Cm(ssy The following specific hypotheses 
were tested:
3.1) The mean across-site in-situ elimination of PRC PCBs is not significantly 
different than laboratory elimination rates established for these compounds.
3.2) Model estimated steady state concentrations of Aroclor PCBs in biomonitors are 
similar whether they are established using site-specific ktot values or laboratory 
established toxicokinetic parameters.
Hypothesis 3.1 was rejected: the mean in-situ ktot values for PRC PCB congeners 
were 1.6 to 5.7-fold higher than previously measured values of ktot in the laboratory. 
Among the 10 to 11 sites, there was a 2.3,1.8,1.7, and 2.6-fold difference between the 
highest and lowest km value for PRC PCB 23, 61,109, and 173 respectively.
Hypothesis 3.2 was rejected: among all sites and congeners, in s/ta-modelled kt0, 
values for Aroclor PCB congeners were 1.6 to 11.7-fold higher than laboratory modelled 
ktot values. This resulted in laboratory-derived Cm(SS) values being overestimated by a 
factor of 1.0 to 5.4, as compared with Cm(SS) values derived using in 5/Yw-modelled ktot 
values.
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4.3 -  Implications and Future Research
This body of research has several important implications for our understanding, 
and current practices of quantitative biomonitoring. Chapter 2 demonstrated that higher 
temperatures enhance rates of chemical elimination, however this influence was generally 
weak. The critical nature of placing internal control organisms in the tanks of depurating 
mussels for laboratory studies was strongly confirmed by Chapter 2. If controls were not 
used, chemical recycling would have confounded the depuration measurements and likely 
caused a gross underestimation of ktot values. Chapter 3 revealed that the general 
assumption that findings for ktot in the laboratory can be extrapolated to field-deployed 
mussels has been inappropriate. The consistent correlation between ktot and log Kow for 
both studies confirms that PCB congeners were an excellent group of model pollutants 
for testing the hypotheses of this thesis. This thesis also adds further support to the work 
of O’Rourke (2004) for the practicality and validity of using PRC PCB congeners for in 
situ toxicokinetic calibration. Both chapters of this thesis demonstrate the benefits of 
deploying mussel biomonitors for at least 60 to 90 d when studying hydrophobic 
chemicals such as PCBs with high l% values. They also highlight the need to sample in 
advance of Day 30 in order to observe the elimination behaviour of less hydrophobic 
PCB congeners. Both chapters also suggest that food quantity and availability are 
important parameters to consider when investigating mussel biomonitor toxicokinetics in 
the field, and when comparing results obtained from different studies.
It is worth making one final comparison of ktot values for PRC PCB congeners 
measured in the laboratory in Chapter 2 and in the Lake Huron-Lake Erie Corridor in 
Chapter 3. Fig. 4.1 demonstrates that in situ values for PRC PCBs are considerably higher
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Fig. 4.1 Elimination rate coefficients (ktot) for PRC PCB congeners at 11 sites in the Huron- 
Erie Corridor (Chapter 3), and at three water temperatures in the laboratory (Chapter 2). The in 
situ regression equation was: log ktot = (-0.39 ± 0.04)log Kow + (1.36 ± 0.24) (R2=0.73, n=43, 
p<0.0001). The laboratory regression equation was: log ktot = (-0.20 ± 0.08)log Kow -  (0.13 ±
0.51) (R2=0.44, n=\0,p=0.04). Error bars represent standard error for ktot values.
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than laboratory values for all temperature treatments. The mean in situ ktot values for PRC 
PCBs were 1.57 to 3.56-fold higher than laboratory ktot values for the same congeners.
For PRC PCBs 23, 61, and 109, even mussels eliminating at 25°C in the lab were unable 
to attain the same ktot values as the slowest eliminating mussels in the field. For PRC 
PCB 173 the fastest laboratory rates of elimination were similar to the slowest in situ 
rates. This indicates that other in situ factors must be driving the differences between 
these experimental observations. In addition, the degree of variability among laboratory 
values for each PRC congener is less than that for each congener in situ. This also 
suggests that temperature alone cannot explain the level of natural variability exhibited 
by mussels in the field. Daily temperature data were obtained from government buoys, 
and local water treatment plants at locations near six of the field sites. Sites were 
organized by increasing temperature, and by increasing ktot value for each congener, but 
the rankings failed to generate a pattern (i.e. the coldest sites were not regularly the 
slowest sites and the warmest sites were not regularly fastest sites). This also suggests 
other major factors are influencing variability in mussel toxicokinetics in situ.
When the Aroclor PCB ktot values in the laboratory from Chapter 2 were 
compared with those from O’Rourke et al. (2004), the difference in feeding rates 
surfaced as a possible factor inducing faster kt0, values in our study. This parameter is 
more difficult to study than temperature, especially in situ. However, future research into 
the role food quality and quantity play in elimination kinetics will improve our 
understanding of the natural variability observed in situ, and the differences in ktot 
between the laboratory and the field. The pattern of faster in situ and slower laboratory 
chemical elimination rates has been shown between Chapters 2 and 3 of this study, as
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well as by O’Rourke (2004), O’Rourke et al. (2004), and between Chapter 2 ktot values in 
this study and laboratory values from O’Rourke (2004). Field biomonitoring programs 
should strongly consider employing the reference compound approach to capture the 
toxicokinetic variability induced by site-specific influences to feeding behaviour and 
other factors.
Relationships between ktot and log Kow were not always consistent between 
Chapter 2 and 3. This may have been a function of different scales of concentration over 
which depuration took place for the studies. Although elimination rate coefficients were 
generally significant, patterns of elimination in Chapter 2 were discerned from very low 
initial concentrations relative to Chapter 3. Chapter 3 mussels were dosed more 
successfully prior to the depuration phase than were Chapter 2 mussels. It is possible that 
this was a consequence of using smaller algae particles (Chlorella) for Chapter 3 that E. 
complanata may have had preference for. Previous studies that fed contaminated 
Chlorella to E. complanata were also able to achieve sufficient doses (O’Rourke 2004; 
O’Rourke et al. 2004). Some mussels in Chapter 2 may have occasionally selected the 
contaminated Spirolina particles for ingestion, but others may have opted to suppress 
ingestion rates during the dosing phase. This would account for the low and highly 
variable individual doses observed for Day 0 Chapter 2 mussels. Future depuration 
studies that use contaminated algae as an uptake route for dosing biomonitors should 
select an appropriate algae species and/or particle size to promote more uniform feeding 
behaviour.
Another important finding in Chapter 2 of this thesis was that ktot values for PRC 
and Aroclor PCBs exhibited a similar relationship with log Kow. This lends support to
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their use for important in situ calibrations of mussel biomonitors, a technique 
recommended by the results of Chapter 3 where estimation errors were associated with 
using laboratory-derived rates to extrapolate steady state contaminant concentrations. The 
individual temperature treatments for PRC PCB elimination did not yield significant 
regressions, which prevented a comparison of their ktot values against the corresponding 
temperature treatments for Aroclor PCBs. This is why a comparison of PRC and Aroclor 
PCB elimination across log Kow values had to be facilitated with the ktot values from the 
three temperature treatments grouped. The lack of significance in the individual PRC 
PCB regressions is most likely attributed to the small number («=5) of PRC PCBs used in 
this study. However, when the in situ PRC PCB ktot values in Chapter 3 were compared 
with the laboratory Aroclor PCB values from O’Rourke et al. (2004), ANCOVA 
indicated their relationships with log Kow were significantly different. In order to 
determine if this difference is genuine, or an artefact of too few PRC PCB congeners, 
future studies should employ a larger number of PRCs in their calibrations of mussel 
biomonitors. It is recommended that an additional di-, tri-, tetra-, penta-, hexa-, and two 
heptachlorinated biphenyls that were not included in industrial Aroclor mixtures be 
selected to span an adequate hydrophobicity range. Future toxicokinetic research might 
also consider selecting PRC PCB congeners that have similar structure and properties to 
dioxin-like Aroclors, or other Aroclor PCBs that are of interest for their toxicity and 
chronic effects so that it might be better utilized by toxicologists.
The results of this thesis confirm mussel biomonitoring to be an excellent method 
of deriving the bioavailable water concentrations of organic contaminants. This thesis 
also revealed that the accuracy of Cm(ss) estimates can be improved by measuring ktot
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values in situ. However, laboratory toxicokinetics are probably sufficient for studies that 
aim to reveal qualitative differences in relative patterns of spatial contamination. Despite 
having been banned over 30 years ago, the persistent legacy pollutants such as PCBs and 
DDT, as well as other hydrophobic organic contaminants (polycyclic aromatic 
hydrocarbons, brominated flame retardants, etc.) continue to cause ecological harm, and 
risks to human health from fish consumption (de Witt 2002; OMOE 2005; IJC 2006; 
Muir et al. 2006). It is imperative that environmental managers aim to limit estimation 
errors for the dynamics of these chemicals in order to provide more accurate risk 
assessments, and progress evaluations for remediation efforts.
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